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Abstract 
The aim of the research was to develop predictive models for the interfacial degradation 
of adhesively bonded joints when exposed to aggressive environmental conditions. Four 
different joint configurations using the same adhesive system were exposed to a variety 
of conditions including immersion at 50°C, 96%RH at 50°C and 80%RH at 70°C. In 
addition data from joints for other adhesive systems were also incorporated into the 
investigation. 
Moisture has a degrading effect on the strength of adhesively bonded joints. Therefore 
the diffusion into the bulk material was determined by gravimetric experiments. However, 
the mobility of the water molecules at the interface between the adhesive and the 
substrate may be higher than in the bulk material. In order to assess this, the spatial 
moisture distribution in bonded epoxy laminates was detennined by a nuclear reaction 
analysis (NRA) technique. The moisture profile found experimentally and the modelling 
undertaken of the interfacial diffusion indicated that the ingress in the interfacial region 
was a few times faster than in the bulk material for the adhesive system investigated. 
Both hygroscopic (swelling) and thermal residual strains may affect joint durability. The 
thermal expansion was determined by means of a bi-material beam and the hygroscopic 
expansion was determined by measuring the expansion of bulk samples at various 
moisture levels. Creep properties for the adhesives studied were determined to investigate 
the relaxation of residual stresses during the aging process. The coefficients of thermal 
expansion and hygroscopic expansion were of the same order of magnitude for the 
adhesives investigated. Creep was seen to be enhanced in the presence of moisture. The 
AVl19 adhesive was seen to creep much more than FM73 and also absorbed more 
moisture. As a consequence, the residual stresses in the joints bonded with A Vl19 were 
seen to relax nearly totally whilst the residual stresses in the joints bonded with FM73 
relaxed to about half of their original magnitude. 
Different interfacial fracture tests were carried out in order to assess which was most 
appropriate. Notched coating adhesion tests (NCA) were carried out initially. However, it 
was very difficult to produce a repeatable notch and the adhesive often cracked before the 
coating debonded. Good results were obtained then these samples were immersed in 
water. Another test investigated was a split beam specimen. However this test was of 
limited use as the secondary bond was weaker than the aged interface of interest. Finally, 
a mixed mode flexure specimen (MMF) was selected to determine the fracture energy of 
the adhesive systems in the 80%RH and 96%RH environments. The fracture energy 
degraded rapidly initially with moisture content and then at a slower rate as more 
moisture reached the interface. The fracture energy was found to be a function of the 
amount of moisture at the interface. No further degradation was found when the joints 
were held at equilibrium. 
The degradation and the progressive damage were simulated with a cohesive zone model 
(CZM). The model was extended from 2D to 3D. This was ~eful when predicting where 
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the crack initiated in the width direction and how the initiation site changed after aging 
for a L-joint configuration. When using a CZM the interfacial strength was defmed by a 
traction-separation law. The parameters governing the traction-separation law were 
determined using the interfacial fracture tests (NCA and MMF). The parameters were the 
tripping traction and the fracture energy. It was shown to be essential to incorporate 
elasto-plastic adhesive continuum behaviour in order to simulate the complete joint 
response correctly. The tripping traction was determined by correlating the deviation of 
the load-displacement curve with the simulated result. The fracture energy was then 
determined by correlating the experimental load-crack length response with the 
simulation. This gave a unique set of moisture dependent CZM parameters for various 
moisture concentrations. 
These parameters were then used to predict the response of other joint configurations. For 
most of the joints, the residual strength was predicted closely using the moisture 
dependent CZM parameters. However, in some cases other degradation mechanisms were 
active. These included stress enhanced degradation and cathodic delamination. When 
these mechanisms were included in the modelling, the prediction of the durability of all 
joint configurations was good. 
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Chapter 1 
Introduction 
Adhesives are used in a wide range of applications from crisp bags to helicopter blades 
and from shoe soles to bridges. Despite the advantages of bonding over other forms of 
joining including rivets, bolts and weld there is still a reluctance to use this relatively new 
technology due to the difficulty in predicting the service life of adhesively bonded joints. 
Using adhesives instead of the conventional joining techniques mentioned above gives a 
more uniform stress distribution, increases design freedom and reduces the weight of the 
structure. 
Extensive work has been carried out to model bonded joints. The stress distribution in 
any joint configuration can be readily determined using advanced commercial finite 
element codes. However, a reliable method for prediction of joint failure has not yet been 
developed. 
A major difficulty when using adhesives is that the joint strength can be reduced 
significantly in the presence of moisture. Water can have a deleterious effect on the 
interfacial strength between the adhesive and the substrate and the cohesive strength of 
the adhesive is reduced due to the plasticising effect of moisture. The durability of the 
interfacial strength can however be enhanced considerably by use of pre-treatments. Thus 
the service life can only be assessed for a specific combination of adhesive, substrate and 
pre-treatments. 
A considerable amount of investigation is therefore required to develop models for the 
prediction of the long term durability, to be able to reduce the amount of expensive 
testing and to gain an increased confidence in the industry. 
1.1 Framework and research objective 
This research falls within the framework of structural mechanics and a phenomenological, 
rather than mechanistic, approach was used to predict the long term durability of 
adhesively bonded joints. 
A durability framework (Crocombe, 1997) is shown in Figure 1.1. This approach enables 
environmentally degraded bonded structures to be fully assessed. Modelling the 
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durability is complex as the material properties and governing processes are inter-
dependent. 
Moisture was assumed to be the main driving parameter for the reduction of the bond 
strength. Water entered the joints through diffusion in the bulk material and possibly 
through penetration along the interfacial region. Residual stresses arose due mismatch in 
coefficient of thermal expansion and due to hygroscopic swelling. Moisture affected the 
material properties of adhesives. A failure criterion for a bonded structure had thus to be 
coupled to the moisture concentration in the area of crack growth. Bulk diffusion and 
bulk degradation had already been successfully modelled by a transient heat transfer 
analogue analysis (Crank, 1975). The mechanical properties and the interfacial strength, 
which was modelled with a cohesive zone model (CZM), were all dependent on the 
predicted moisture concentration. The residual strength, progressive damage and crack 
growth were predicted in a subsequent stress/displacement FE analysis. Loh et al. (2002) 
have determined the interfacial strength at various moisture concentrations by exposure to 
various relative humidity environments. It was found that the degradation was an 
apparent function of the moisture concentration at the interface and not a function of time. 
This indicates that the degradation at a certain moisture concentration is fast compared 
with moisture ingress. The degradation was hence initially assumed fast compared to the 
moisture diffusion and could thus be directly related to the moisture concentration. The 
effect of stress during ageing and exposure to a corrosive environment was however also 
considered. 
-------------------------------------------. 
AdhesIvely bonded strllcture 
Failure Crileria 
Residual Strength or Service Lire 
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Figure 1.1 Durability framework (After Crocombe (1997» 
The overall objective of the research was to refine and extend the current modelling 
approaches and apply these methods to different joint configurations and adhesive 
systems. A major part of the research was dedicated to investigate the effect of adhesive 
continuum plasticity when modelling the progressive damage with a CZM. Inclusion of 
time dependent properties and extension to 3D modelling were also areas of interest. 
Interfacial diffusion provided yet another focus interest to this proj ect. 
1.2 Methodology and structure 
This research included both experimental testing and numerical simulation. Initially, 
work was directed to becoming familiar with the current framework and experimental 
methods. The second step was to conduct a literature review to be up to date with the 
current state of the art in experimental and modelling techniques. A literature review on 
durability related topics is covered in Chapter 2. 
Experimental work, development of modelling approaches, verification of the methods 
and applications have been undertaken in parallel. The properties necessary to define an 
adhesive system and its degradation are covered in Chapter 3. The characteristics 
assessed experimentally were: 
1) Bulk diffusion characteristics of the adhesives used were assessed by means of 
gravimetric experiments. 
2) Tensile tests of bulk specimens were undertaken to determine moisture and 
temperature dependent mechanical properties of the adhesives. 
3) The change in glass transition temperature with moisture content has been 
determined by means ofDMTA (Dynamical Mechanical Thermal Analysis). 
4) Creep tests have been used to determine time dependent mechanical properties of 
the adhesive. 
5) Moisture dependent interfacial strengths were detennined from interfacial fracture 
test joints. 
In Chapter 4 the joint test results and the degradation mechanisms for the aged joints are 
given. These include: 
6) Test results for the aged joints 
7) The failure surfaces were analysed with optical microscopy, SEM and X-ray 
photoelectron spectroscopy (XPS) to determine the mechanisms of the failure. 
The modelling work was carried out using Finite Element Analysis (FEA). The major 
areas of development of the modelling techniques are covered in Chapter 5 and include: 
8) An interfacial CZM element developed at the University of Surrey (Loh, 2002) 
has been reformulated 
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9) An approach using spring elements instead of the developed elements (8) was 
assessed. 
10) The CZM approach was extended to 3D. 
11) An approach to included both thermal and swelling strains was developed. 
12) Time dependent mechanical properties were included in the modelling. 
13) An approach to model cathodic de-lamination has been developed. 
14)A model to include stress dependent effects on the degradation was developed. 
In Chapter 6 the developed techniques were applied to the steel-A V119 joints. The main 
part of the modelling work was focused on joints bonded with FM73. In Chapter 7 the 
modelling assumptions for the cohesive zone modelling are assessed. The cohesive zone 
modelling of the joints bonded with FM73 is described in Chapter 8. The experimental 
results from the NRA experiments and the modelling of the interfacial diffusion are 
described in Chapter 9. 
In Chapter 10 the conclusions and suggestions for future work is presented. 
25 
Chapter 2 Literature Review 
Chapter 2 
Literature Review 
A review of research undertaken on adhesively bonded joints found in the literature is 
presented in this chapter. The review is focused on work relating to the durability of 
joints exposed to hwnid environments. 
In the first section, a summary of work undertaken to characterise the uptake of moisture 
in adhesives and bonded joints is given. In the following sections, work on the 
mechanical, thermal and hygroscopic properties of adhesives is presented. Then, various 
failure criteria for adhesively bonded joints are reviewed concentrating mainly on 
progressive damage modelling techniques. Lastly the effect of moisture on the strength of 
bonded joints is presented. 
2.1 Moisture uptake in bulk adhesives and interfaces 
Water has a deleterious effect on the strength of an adhesively bonded joint and it is thus 
very important to be able to characterise the moisture penetration accurately. The 
parameters that affect the saturation level and the rate of ingress in bulk adhesive 
specimens are presented first, and then work undertaken on the ingress of water along 
interfaces is reviewed. 
2.1.1 Equilibrium moisture content In bulk adhesives 
The most commonly applied method for measuring the moisture ingress in bulk adhesive 
specimens are gravimetric measurements. The increase in weight and the time the 
specimen has been immersed in the moist environment is recorded. The saturation weight 
gain in adhesives is usually within the range 0.5 % to 13 % (Armstrong, 1997). 
2.1.1.1 The effect of relative humidity on the saturation moisture content 
Carter and Kibler (1978) have measured the uptake of 5208 resin exposed for two years 
at room temperature with constant relative humidity ranging from 45% to 100%. The 
saturation moisture content for an epoxy adhesive in various environments has been 
26 
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determined by Wylde and Spelt (1998) and the sorption curves of the adhesives under 
study were determined by gravimetric measurements. Loh (2002) has measured the 
moisture uptake of AVl19 in 81.2%RH, 95.8%RH and in water at 50°C. These data are 
presented in Figure 2.1 and it can be seen that the equilibrium moisture content is a strong 
function of the relative humidity. 
B 
-e- 52!11 resin. Carter and Kibler (1978) 
7 -e- Cybond 1126. Wylde and Spa~ (19913) 
-+- AV119, Loh (2002) 
~6 
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.. g5 
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~ ~ 00 ro ID ~ 100 
Relltiwl humidity (%) 
Figure 2.1 The equilibrium contents dependency of the relative humidity 
2.1.1.2 The effect of temperature on the saturation moisture content 
Moisture uptake experiments are often employed at elevated temperatures to accelerate 
the diffusion process. It is important to assess the effect of the temperature when 
predicting the service life of real applications. 
Gledhill et al. (1980) have employed gravimetric measurements of diglycidyl ether mixed 
with an amine curing agent. Samples were weighted and immersed in water baths at 20, 
40, 60 and 90°C and the saturation level was seen to increase with temperature. At about 
90°C the uptake for the adhesive deviated from its prior trend (Figure 2.2). This was 
probably because this is close to the glass transition temperature. The effect of 
temperature on the solubility of an epoxy adhesive (Figure 2.2) was determined by Wylde 
and Spelt (1998). The uptake in Cybond 4523GB was measured at three temperatures; 
35°C, 65°C and 85°C and the saturation level was seen to be relatively unaffected by the 
temperature (Figure 2.2). 
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Figure 2.2 The equilibrium content dependency on the temperature 
The effect of temperature on the moisture uptake in a bismaleimide resin and its carbon 
fiber composites has been determined by Bao and Vee (2002a) as shown in Figure 2.3. 
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Figure 2.3 Short tenn weight gain curves of the uni-weave 3-pJy flash at various temperatures (From Bao 
and Yee (2002 b» 
Bao and Yee (2002a) derived an expression for the equilibrium uptake as a function of 
the temperature based on the van't Hoff equation. From the derived equation it was 
shown that the equilibrium uptake increased with temperature for an endothermic 
absorption, while it decreased as temperature increased for an exothermic absorption. 
Epoxies are slightly exothermic and this implies that the equilibrium uptake is only 
weakly dependent on the temperature. The experimental results indicated that the 
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moisture content decreased slightly with an increase in temperature as predicted from the 
derived equation (Bao and Vee (2002), Figure 2.2). The experimental results are 
summarised in Figure 2.2 and it can be seen that the equilibrium moisture content is a 
weak function of the temperature at least below Tg • No general characteristic for the 
dependence of the equilibrium level on temperature can be applied to aU adhesives. 
2.1.1.3 The effect of stress during exposure on the equilibrium moisture content 
Kim and Broutman (1971) determined the effect of stress on the moisture uptake of 
graphite fibre reinforced epoxies. The composite investigated was a graphite fibre-epoxy 
prepeg tape. A constant stress of 25 % percent of the ultimate tensile strength was applied. 
The moisture uptake was seen to be slightly higher for the stressed specimens than for the 
unstressed specimens. Gilliat and Broutman (1978) have measured the moisture uptake of 
Scotchply SP-313 graphite/epoxy panel. The diffusion experiments were performed in 
full water immersion at 60°C for the stressed specimens. The applied stress during 
exposure was 0, 25, 45 and 65 % of the ultimate tensile stress. A spring-type loading jig 
was used to apply the stress during the exposure. There was no increase in the final 
moisture uptake of the specimens stressed under exposure in comparison with the 
unstressed specimen. Janas et al. (1986) have investigated the effect of tension on the 
absorbance of water at 60°C into neat and glass-bead-filled, cross-linked polyester. 
Weight gain at various time intervals of specimens subjected to tensile loading while 
immersed in water was recorded. Neat and 20 volume percent glass-bead-filled polyester 
specimens were prepared. The results showed that the saturation for pure polyester and 
the initial diffusivity is independent of tensile load. Bead filled specimens were seen to 
absorb more water than the pure polyester specimens. The bead filled specimens loaded 
with 30% of the initial failure load absorbed 32 % more water than the unloaded sample. 
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Figure 2.4 The variation of saturation moisture levels with applied stress 
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Newnann and Marom (1986) have measured the saturation level dependence on stress in 
unidirectional composite materials (Figure 2.4). Stressed and unstressed specimens were 
immersed in distilled water at 90°C, and were removed periodically for weighing. First 
experiments on the neat epoxy matrix specimens were investigated. The saturation level 
was seen to increase slightly with an applied stress. Experiments with unidirectional 
composites were then undertaken. From the results it could be seen that the saturation 
mass weight gain also increased for the composite specimens. The volumetric strain of 
the matrix was asswned to reflect the free-volume changes. An expression between the 
volumetric strain and the applied stress was derived. The saturation level was then related 
to the volumetric strain. An excellent correlation between the experimental results and the 
derived expression was found. 
Hambly (1998) measured the moisture uptake for the epoxy adhesives AV119 and E32 
under stressed and unstressed conditions (Figure 2.4) and the saturation level was seen to 
increase slightly with stress. Roy et a1. (2005) earned out gravimetric experiments on 
aluminium strips coated with epoxy, which were then unifonnly bent. It was found that at 
a transverse strain of 10% the saturation level increased by 18% at 50OC. 
The experimental data found in the literature indicate that the saturation content is a weak 
function or independent of the applied stress during ageing. 
2.1.1.4 The effect of water type on the moisture uptake 
Kittelberger and Elm (1946) have shown that there is a relationship between the level of 
dissolved salts in the solution and the water uptake in organic coatings. The nature of the 
solute did not affect the results; rather it was the osmotic pressure. When coatings were 
exposed to salt solutions the uptake curve levelled off and eventually reached equilibrium 
but no equilibrium was reached when immersed in distilled water (as the salt 
concentration always will be larger in the coating under these conditions). It was 
concluded that the degree of water absorption was due to the differences in the osmotic 
pressure between the exposure solution and that within the film. 
2.1.2 Rate of uptake in bulk adhesive samples 
The diffusion in adhesives has been modelled extensively in the literature by Fick's 
second law. However, anomalies are found. There are several plausible reasons for the 
anomalies .. Edge effects and cracks may affect the uptake but also relaxation of the 
polymer contributes to the anomalies. The diffusion process may also be altered by 
stresses in the sample. 
Annstrong (1997) has detennined the Fickian diffusion coefficients of a number of cold-
setting two-part paste adhesives and hot-setting film adhesives in distilled water at room 
temperature. The Fickian diffusion coefficient for an epoxy adhesive was determined by 
Wylde and Spelt (1998) at various relative humidities at 65°C. The diffusion coefficent of 
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four urethane adhesives and a composite was examined by Verhoff et al. (2002). The 
specimens were aged at 70°C at 90% RH. Fickian diffusion coefficients for the different 
adhesives are shown in Table 2.1. The diffusion coefficients for the epoxy adhesives were 
in the range from about 10 to 1 OOx 10.14 m2s·1 whereas the diffusion coefficient was 
approximately 2 to 3 orders of magnitudes higher for the urethane adhesives. 
Table 2.1 Fickian diffusion coefficients 
Adhesive T Relative Fickian diffusion Reference 
(OC) humidity (%) coefficient 
(10.14 m2s·l ) 
AF 163* 20 water 8.04 Annstrong (1997) 
Redux 308 A'" 20 water 27 Annstrong (1997) 
EA9330'" 20 water 16.3 Annstrong (1997) 
EA 9309.3NA '" 20 water 11.4 Annstrong (1997) 
EC 2216'" 20 water 15.75 Annstrong (1997) 
Redux 41 ONA '" 20 water 13.8 Annstrong (1997) 
PM 1000· 20 water 110 Annstrong (1997) 
UW45* 20 water 5 Annstrong (1997) 
Cybond 1126'" 65 30-90 0.289 Wylde and Spelt (1998) 
SikaFlex 201"'''' 70 90 1890 Verhoff et a1. (2002) 
SikaFlex 221 '" * 70 90 1320 Verhoff et al. (2002) 
SikaFlex 252""" 70 90 1540 Verhoff et a1. (2002) 
SikaFlex 265"'''' 70 90 3300 Verhoff et a1. (2002) 
"'Modified epoxy "''''Urethane 
2.1.2.1 The effect of the temperature on the diffusion coefficient 
Gledhill et al. (1980) modelled the diffusion of moisture into an adhesive. The moisture 
uptake data was fitted to the Fickian diffusion relationship. The diffusion showed Fickian 
behaviour at 20, 40, and 60°C but at 90°C (which is above the glass transition 
temperature of the epoxide, i.e. 85°C) a deflection in the uptake curve was observed 
indicating non-Fickian diffusion. The diffusion coefficient at 20, 40, 60 and 90°C in 
water was 2.43,6.5,18.1 and 60.7xl0·14 m2/s respectively. 
The diffusion coefficient dependence on the temperature can be expressed by the 
Arrenhius equation as it is a thermally activated process (Bao and Vee, 2002a), i.e. the 
diffusion coefficient depends exponentially on the temperature (or the diffusion 
coefficient plotted against the logarithm of the temperature results in a straight line). The 
diffusion coefficient followed the Arrenhius relationship (Figure 2.5) for temperatures 
below T g. The diffusion in bismaleimide resin and its carbon fibre composites has been 
studied by Bao and Vee (2002a) at various temperatures. The diffusion coefficients were 
also found to follow the Arrenhlus equation. Levebre et aI. (1989a) suggested that the 
diffusion coefficient can be related to the free volume. The free volume in turn may be 
modelled as a function of the thermal expansion and the temperature. 
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Figure 2.5 The diffusion coefficient dependency on the temperature (After Gledhill et aI. (1980) 
2.1.2.2 Two stage models 
Carter and Kibler (1978) have developed a linear diffusion model which involves sources 
and sinks of diffusing water molecules. The absorbed moisture was assumed to consist of 
bound and mobile phases. The diffusion was thus described by the Langmuir adsorption 
theory. The equation for the moisture uptake gave good agreement to anomalous uptake 
curves for 5208 resin exposed for two years at room temperature with constant relative 
humidities ranging from 45% to 100%. The authors suggested that the good results 
indicated that the absorption anomaly did not result primarily from non-linear moisture 
concentration effects. Gurtin and Yatomi (1979) investigated a model in which the 
moisture was allowed to exist in two phases. One phase accounted for moisture flowing 
through the matrix, the second for moisture trapped around the fibres. Two phases might 
also be appropriate in situations for which moisture exists in free and bound states. The 
free phase is assumed to diffuse according to Fick's law. This equation is coupled to a 
relationship that determines whether the moisture is trapped or free. The partial 
differential equations were solved analytically. The relationship derived was length 
dependent in contrast to the Fickian diffusion equation. 
A two-stage diffusion model was proposed by Wilde and Shopov (1994). It was assumed 
that the diffusion characteristics could be explained by a slow and a fast process which 
were independent of each other. The modelling of the two parts was done separately. The 
deviations from Fickian behaviour at short times were attributed to fast changes in the 
properties of the epoxy due to sorption of water and the long time effects were attributed 
to the relaxation of the material. For long times, the relaxation part was proportional to 
the difference between the instantaneous state and the final one. For the short time scale 
the surface concentration was time dependent. The total mass uptake was thus the sum of 
the two diffusion processes. The relationship to be fitted to experimental data had four 
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parameters. The derived diffusion relationships were successfully fitted to experimental 
data. 
The moisture diffusion in bismaleimide matrix and IM7 carbon fiber composites has been 
thoroughly studied (Bao et aI., 2001, Bao and Yee, 2002a; Bao and Yee, 2002b, Bao and 
Yee, 2002c). A two stage diffusion model was seen to successfully fit the experimental 
data for both the matrix and the composite (Figure 2.6). The authors relate the fast 
process to cure induced voids and cracks, while the slow process was the intrinsic 
diffusion in the matrix for the composite. In the resin the first stage was controlled by the 
concentration gradient and was predominantly Fickian. The second stage was associated 
with a slow relaxation process as the polymer chains slowly rearranged in the presence of 
penetrant molecules. Hambly (1998) and Loh (2002) have modelled anomalous moisture 
uptake in thin film specimens by using a dual Fickian approach. Total moisture uptake 
was the sum of one fast and one slow Fickian diffusion process. The models were seen to 
mimic the behaviour of A V 119 well. 
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Figure 2.6 Weight gain curves of the bi-directional composite 0: underwater absorption; t!. : 75% relative 
humidity. The dashed line is the Fickian fit, while the solid lines are curve fits using a time-dependent 
diffusivity model (From Bao and Vee (2002». 
2.1.2.3 Stress dependent diffusion 
In Section 2.1.1 it was shown that an applied stress enhanced the saturation moisture 
content. If the stress level is constant the Fickian diffusion coefficient can be related to 
each stress level. The dependence of the diffusion coefficients on the applied stress may 
relate to the free volume with is related to the volume strain. 
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Fieldan diffusion at different stress levels 
Kim and Broutman (1971) have determined the effect of stress on the diffusion 
coefficents of graphite fibre reinforced epoxies (Figure 2.7). A constant stress of 25 % of 
the ultimate tensile strength was applied. The Fickian diffusion coefficient was 
determined for each stress level. A good agreement between the experimental and the 
Fickian model was seen. An applied stress during the ageing increased the diffusion 
coefficient. The diffusion coefficients for the unstressed specimens at 2S, 40, 60 and 
SO°C were 4.2, 13.3, 40.S and 4S.7x 10-14 m2/s respectively. The diffusion coefficients for 
the stressed specimens at 25, 40 and 60°C were 7.8, 24.4 and SO.7x 10.14 m2/s respectively. 
Gilliat and Broutman (1978) have measured the moisture uptake of Scotchply SP-313 
graphite/epoxy panel. The diffusion coefficient was found to increase with the aBplied 
stress. The diffusion coefficient for the unstressed specimen at 60°C was 19.5 xl 0- 4 m2/s. 
The diffusion coefficient for 25, 45 and 65 % UTS were 20.43, 20.65 and 3S.79 
respectively. Janas et al. (1986) have investigated the effect of tension on the absorbance 
of water at 60°C into neat and glass-bead-filled, cross-linked polyester. The Fickian 
diffusion coefficient was found to decrease with increasing load. 
Hambly (1998) has determined the diffusion coefficients for A V 119 and E32 for stressed 
and unstressed specimens. The diffusion coefficients were seen to decrease slightly. Roy 
et al. (2005) have employed gravimetric experiments on aluminium strips coated with 
epoxy, which were then uniformly bent. It was found that at an average longitudinal 
strain of 10% in the adhesive layer (the aluminium strips were thinner than the adhesive 
layer and it was hence assured that the only elastic strains were induced in the aluminium 
strips) the diffusivity increased by 32% at 50°C. 
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Figure 2.7 The diffusion coefficients dependency of the applied stress 
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Models for stress dependent diffusion 
Neumann and Maron (1986) have investigated the stress dependence of adsorption in 
polymeric composite materials. Cohen and Turnbull (1959) have derived an expression of 
molecular transport on a statistical distribution of free volume. The expression coincided 
with the relationship between the free volume and the diffusion coefficient derived 
experimentally by Doolittle (1951). An expression between the stress and the diffusion 
coefficient was thus derived on the hypothesis that stress increases the free volume and 
pressure decreases it. Only the matrix was assumed to absorb moisture. The solubility 
was also dependent on the available free volume. The dependence of the solubility on the 
stress was derived through the volume strain of the matrix calculated through composite 
laminate theory. The theoretical model for the moisture diffusion in composite material 
under stress was examined experimentally with a carbon reinforced epoxy composite. 
The proposed model successfully predicted the experimental results model. The derived 
equation used was as follows: 
1n(Du J=a(_1 __ 1 J 
Do 8/0 8/a 
where 
Petropoulus and Sanopoulou (1988) have tested a model of stress dependent diffusion by 
means of colored tracer and birefringence profile measurements. The coefficient of 
diffusion and solubility were represented by an exponential function of the induced 
stresses. Viscoelasticity was introduced through a stress relaxation, in accordance with 
the Maxwell mechanical equivalent. Films of cellulose acetate of 39.8% acetyl content 
were prepared. A sharp diffusion front between the swollen and un-penetrated polymer 
was seen (Case II kinetics). The observed characteristics could be successfully modelled 
when comparable rates of diffusion and stress relaxation at low concentrations were 
combined with appropriate strong plastication effects. There is however an uncertainty 
about the speed of the tracer in comparison to the water. Adams (private communication 
with R.D Adams) found that a tracer moves much faster than the water. 
Lefbvre et al. (1989a) have derived a governing equation for diffusion in polymers. The 
dependence of the diffusion on temperature, strain and penetrant concentration is 
included in the governing equations. The coefficient of diffusion was assumed to depend 
on the free volume. The dependence of strain or stress was included through relating the 
free volume to the applied stress. The free volume dependence of the temperature was 
related to the thermal expansion. The free volume dependence of the concentration was 
related to the swelling. It was assumed that the change in free volume due to each 
variable was additive. Lefbvre et at. (1989b) have validated the derived equations with 
experiments. The concentration and temperature dependence of the diffusion coefficient 
was validated with data on polystyrene and on polyvinylacetate. The effect on diffusivity, 
of a uniaxial tensile stress and of a biaxial stress, was measured with permeation tests on 
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stretched polyethyleneterphthalate. The experimental results showed good agreement 
with the predicted results. 
A two dimensional solution of the fully-coupled diffusion problem was obtained using 
the finite element code NOVA by Roy et al. (1989). Since it had been shown that the 
diffusion governing equation was coupled with the mechanical response, constitutive 
equations for the visoelastic behaviour of the adhesive was included in the modelling. 
The nonlinear viscoelasticisty theory of Knauss' was employed. 
Mathematical models to describe moisture transport in epoxy composites using 
concentration and stress dependent diffusion coefficients have been investigated by Lee 
et a1. (1993). The diffusion equation was solved using a finite difference method. Shanti 
et al. (1995) have employed finite element modelling of coupled diffusion and stress in 
polymer materials. The model was based on the Fickian diffusion equation. Findley's 
creep model was used to provide the time dependent behaviour of the polymer. The stress 
dependence was included in the model by assuming that the diffusion coefficient 
depended on the free volume and subsequently that the change in free volume could be 
related to the stress. Experimental work on polycarbonate and polyethylene was 
conducted and the bulk specimen was loaded in tension. Creep was included in the model. 
The experimental results showed good agreement with the predicted results. 
2.1.3 Interfacial diffusion 
Joints exposed to a moist environment often fail in the interfacial region. To be able to 
predict correctly the durability of adhesively bonded joints it is crucial to assess the 
interfacial moisture uptake which may differ from the bulk uptake. 
Althof (1979) investigated the moisture uptake of several structural adhesives. The bulk 
specimens and laminates with aluminium foil had an adhesive thickness of 0.2 mm. The 
moisture uptake was determined using gravimetric measurements. One of the adhesives 
tested was FM73. Moisture uptake measurements were employed at 70%RH and 95%RH. 
At 20°C the equilibrium uptake was similar for the bulk and the laminates. For higher 
temperatures the uptake was abnormal for the laminate as the aluminium foil separated 
and the moisture also penetrated the adhesive through the de-bonded surface. Wahab et al. 
(2002) have investigated the moisture uptake for various configurations of adhesive resin 
diffusion discs to study the effect of the interfacial moisture sorption. The water uptake of 
a laminated diffusion disc, which consisted of cast adhesive and perforated aluminium 
foil, was measured. A comparison between the disc configuration and the water uptake in 
a disc of bulk adhesive of the same sorption area was employed. It was found that during 
the early stages, the flux rate in the laminated disc was about 50% higher than that in the 
bulk epoxy disc. This indicates that their might be a faster interfacial diffusion which 
contributes to faster overall uptake. 
Linossier et a1. (1999) have studied water transport along the interface of 
polymer/substrate systems. Fourier transform infrared multiple internal reflection (FTIR-
MIR) spectroscopies were used to determine the water transport. By varying the polymer 
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film thickness and the polymer/substrate interfacial condition a simultaneous study of 
water transport through the film thickness and along the polymer/substrate interface was 
undertaken. The results indicated that the water migration along the polymer/substrate 
interface was the governing transport process for untreated substrates. Plasma treatment 
of the substrate greatly reduced the rate as well as the amount of water accumulated at the 
interface. Wapner and Grundmeier (2004) have measured the diffusion of D20 in 
adhesive joints by spatially resolved FTIR-transrnission spectroscopy. A significantly 
faster diffusion was found in the joints compared with diffusion coefficients determined 
from bulk specimens found in the litterature. 
The absorption of acetone at room temperature into an adherend PSA tape was measured 
by applying the techniques of impedance spectroscopy and utilising interdigitated 
electrode sensor design (O'Brian et al.,2003). The sensor successfully measured the 
interfacial diffusion. The results showed that the absorbance was faster in the interfacial 
regions. 
Schulte and Deiasi (1980) have studied the rate of moisture absorption and transport in 
epoxy samples by means of nuclear reaction analysis (NRA). It is difficult to profile 
water (H20) with an ion beam technique, hence heavy water (020) was used. Samples 
were exposed at various times and were cut under liquid nitrogen to expose a cross 
section of the sample for deuterium analysis. Tests were undertaken with samples 
exposed to H20 and D20 to determine the equivalence of properties. Both equilibrium 
content, glass transition temperature and moisture diffusivity demonstrated equivalence. 
Further (Schulte and Deiasi, 1981) have employed the same technique in bonded 
composite epoxy sandwiches. However, the beam size (200x15 J.Ul1) was too large to 
enable scan across the bond-line thickness. A one-dimensional moisture profile was, 
however obtained successfully. 
Wilken et al. (2005) have determined the moisture content along the interface of an 
aluminium epoxy laminate by ToF-SIMS (time of flight secondary ion mass 
spectroscopy). There is an exchange between the hydrogen on the substrate surface and 
the deuterium in the heavy water that has penetrated the laminate. After immersion in 
020 the substrate was peeled off, analysed and the exchanged deuterium was detected. 
The diffusion was found to be about 6 times faster along the interface then in the bulk 
material. 
Only a limited amount of research concerning the interfacial diffusion has been found in 
the literature. The results do, however, indicate that the interfacial moisture uptake can be 
significantly higher than in bulk specimens. 
2.2 Mechanical properties of bulk adhesives 
The mechanical properties of bulk adhesive are strongly dependent on the amount of 
moisture and the temperature. The effect of elevated temperature is shown to be similar to 
moisture. 
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2.2.1 The effect of moisture on the mechanical properties 
Water influences the mechanical properties of the adhesive. The water ingress produces 
both reversible and irreversible processes in the adhesive. Plasticisation and swelling are 
reversible processes while crazing and crack formation are irreversible processes that 
remain after desorption. 
2.2.1.1 The effect of moisture on the elastic properties and ultimate strength 
The degrading effect of water on a bulk adhesive was investigated by Gledhill and 
Kinloch (1974). The adhesive used was diglycidyl ether of bisphenol. Specimens were 
exposed to immersion in distilled water at 40, 60 and 90°C. The cohesive breaking stress 
of the adhesive was initially 53.2 MPa and the only significant changes occurred after the 
material had been immersed in water at 90°C with an aging time of 2500 hours. In such 
an environment the breaking stress of the adhesive exhibited a fairly rapid decay. The 
rapid decay at 900C may be attributed to that the diffusion coefficient depends strongly on 
the temperature (Section 2.1.2.1) and that the aging temperature was above Tg which 
permits a more rapid penetration. Zanni-Deffarges and Shanahan (1995) have tested bulk 
specimens of a modified epoxy adhesive. The bulk modulus for the dry and the saturated 
specimen were 2430 and 1940 MPa respectively. The moisture dependent mechanical 
properties of four urethane adhesives were examined by Verhoff et aI. (2002). The 
polymers tested were SikaFlex adhesives in the 200 series with a modulus around 15 
MPa. The change in modulus at 2 and 9 days were approximately 30% and 50 % 
respectively. Tests have been conducted on adhesive bulk epoxy specimens by Andrews 
and Stevenson (1980). The tests were carried out at 30°C. The adhesive used in the 
investigation was a diglycidyl ether. Young's modulus (E) and the yield stress were 
measured over a range of temperatures and for test pieces exposed only to air at room 
temperature and for test pieces exposed to immersion in water for 120 hours and SO°c. 
The water uptake was 2% by weight. It was found that at temperatures below 60°C, EDRy 
> EWET. For temperatures above 60°C but below Tg, EWEr> EDRY. The modulus change 
was approximately 30%. The authors suggest that this indicated that water has a modest 
plasticising effect on cured epoxy resin. The fact that EWEr> EDRyat the higher test 
temperatures may be due to further crosslink fonnation. 
Kim and Broutman (1971) have detennined the effect of stress during the ageing on 
graphite fibre-epoxy. The stress applied during the aging was 25 % of the ultimate tensile 
stress. Both specimens aged stressed and unstressed were tested. The moisture uptake 
was seen to be faster in the stressed specimens but at the same moisture content obtained 
from different aging times the test results were similar. The results indicated that the 
shear strength reduction was a function of moisture content and the presence of stress 
during exposure did not cause degradation in shear strength. For joints exposed to moist 
environments and stress, the strength reduced more than could be attributed to a faster 
ingress of water (Section 2.6.2.5). The difference may be explained by that in the 
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composite the strength is influenced by the cohesive strength of the matrix whereas in the 
joints the degradation of the interface governs the strength. 
The summary of the data are shown in Table 2.2. 
Table 2.2 Effect on the epoxy bulk properties by immersion in water 
Retained E (%) Retained 0'.,. (%) Aging T COC) Reference 
80% (saturation) 
70% (saturation) 
78 (saturation) 25 Kim and Broutman (l971) 
I 00%(2500 hours) 4()"60 (<T a) Gledhill and Kinloch (1974) 
20% (2500 hours) 90 (>T&) Gledhill and Kinloch (1974) 
20 Zanni-Deffarges and Shanahan (1995) 
20 Andrews and Stevenson (1980) 
2.2.1.2 The effect of moisture on tbe adhesive viscoelastic properties 
The effect of moisture on the viscoelastic shear properties of FM73M and FM300M has 
been investigated by Jurf and Vinson (1985). The aim of the investigation was to 
determine the shear modulus and the time-dependent shear creep compliance throughout 
a wide range of temperatures. This was done for both adhesives under dry conditions and 
after exposure to 63%RH and 95%RH to 70% saturation. The shear properties were 
determined by testing a single lap joint in a KGR-l device. Creep compliance tests were 
performed using an Instron machine. The applied shear stresses were 3.45 to 4.14 MPa. 
This corresponds to 10010 of the ultimate strength. It was found that the effect of moisture 
as an external plasticizer on the shear properties of the adhesives tested was equivalent to 
raising the environmental temperature. Moisture also enhanced the creep. 
2.2.1.3 The effect of moisture on the glass transition temperature 
The load bearing capacity of adhesives decreases drastically near the glass transition 
temperature. The decrease in the glass transition temperature on moisture ingress may be 
an important when assessing adhesives for use in elevated temperature environments. 
The glass transition temperature for FM73M and FM300M has been determined by Jurf 
and Vinson (1985). The glass transition temperature was determined through measuring 
the shear modulus at various temperatures. For dry, saturated at 63%RH and 95% RH the 
Tg was found to be 9~C, 91°C and 800C respectively for FM73M (Figure 2.8). For dry, 
saturated at 63%RH and 95% RH the Tg was found to be 155°C, 146°C and 128°C 
respectively for FM300M (Figure 2.8). 
The effect on the dielectric characteristics of aluminium-adhesive bonded joint structures 
with different surface treatments on exposure to moisture was investigated by Li et a1. 
(1997). Strips of aluminium alloy (BS 14701HE30TF) were used for substrates. Layers of 
adhesive film (Scotch-Weld structural adhesive film AF-30) were applied to the pre-
treated aluminium alloy. The joints were aged at 70°C and 80°C in deionised water for 
730 days. The authors found that an increase in water content led to a lowering of the 
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glass transition temperature Tg until it had a value identical with that used for the ageing 
experiment. 
Cabanelas et al. (2003) have studied the water absorption in polyaminosilonaxne-epoxy 
thermosetting polymers. The glass transition was measured by differential scanning 
calorimetry (DSC). The glass transition temperature was seen to decrease by about 20°C 
at saturation (Figure 2.8). The experimental results found in the literature with respect to 
the glass transition temperature and moisture is summarised in Figure 2.8. 
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Figure 2.8 The effect of moisture on Tg of various structural adhesives 
2.2.2 The effect of temperature on the adhesive mechanical properties 
Adhesives joints in aerospace applications are exposed to elevated temperatures. The 
temperature dependence of the mechanical properties has to be assessed to determine the 
load bearing capacity and the displacements of a weakened joint by temperature. 
2.2.2.1 The effect of temperature on the elastic properties and ultimate strength 
Temperature decreases the modulus due to increased mobility of the molecules. However, 
a longer ageing time may also lead to further cross-linking and hence a stiffer material. 
Thermal degradation (chain scission) can also occur and return to partially uncrossed 
linked material (Van Krevelen, 1990; Buch and Shanahan, 2003). At an elevated 
temperature, the glass transition temperature of the adhesive may increase with an 
increase in creep strain up to a maximum and then decrease with further increase in creep 
strain. This may be attributed to two competing mechanisms which are a) orientation and 
tensioning of macromolecular chains and b) scission of macromolecular chains (Piccirelli 
and Shananhan, 1999). 
The stress-strain behaviour of FM73 at 19 and 60°C has been determined by Chiu et al. 
(1992). The shear modulus was reduced by approximately 15% at the higher temperature. 
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The yield stress decreased by approximately 33%. Peretz and Weitsman (1983) have 
applied tests on bulk specimens of FM73. The ultimate tensile strength was seen to 
decrease by approximately 25 % from 30 to 60°C. 
2.2.2.2 The effect of temperature on the viscoelastic properties 
Peretz and Weitsman (1983) have carried out tests on bulk specimens of FM73. The 
viscoelastic characterisation was established at several different stress levels and 
temperatures. At 70°C the coupons exhibited tertiary creep and premature rupture. Mter 
linearly increasing the stress and the temperature from 0 to 21 MPa and from 30°C to 
60°C respectively, the resulting creep strain after 1 hour was about 1.6%. 
2.3 Thermal Expansion 
When a joint bonded with a thermosetting adhesive is allowed to cool from the curing 
temperature, thermal strains are induced. The thermal strains may reduce the durability of 
the joint as a lower external load has to be applied to fail the structure and the stresses 
might accelerate the degradation. 
The thermal expansion of a material can be assessed by measuring the deflection of a bi-
material beam. If the elastic properties and the thennal expansion of one of the materials 
are known the thermal expansion of the other material can be determined. Yu et a1. (2003) 
have shown that a maximum deflection is obtained if the weaker material is several times 
thicker than the stiffer material. A relationship between the CTE, temperature and the 
curvature was obtained by using Timoshenko's beam theory for a bi-material strip with 
respect to the thickness. Loh (2002) has determined the CTE (coefficient of thermal 
expansion) of AV119 by measuring the deflection of a bi-material strip of steel and 
Araldite 2011. The CTE was found to be 6.12xlO·5 °e·l • 
Peretz and Weitsman (1983) have measured the coefficient of thermal expansion directly 
by means of strain gauges. The coefficient of thermal expansion of FM73 was found to 
be 6.6x 10.5 oC·I• The CTE for different epoxy adhesives are given in Table 2.2. 
Table 2.2 Coefficients oftbermal expansion 
Adhesive eTE eel) 
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Referente 
Lob (2003) 
Peretz and Weitsman (1983) 
Cytec (2004) 
Apalak et al. (2003a) 
Apalak et al. (2003b) 
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2.4 Hygroscopic swelling 
Upon moisture ingress the adhesive swells. The swelling may cause significant stresses in 
adhesively bonded joints. 
The moisture expansion of FM73-M has been determined from swelling of bulk adhesive 
sheets by Romanko and Knauss (1980). The coefficient of swelling was found to be 0.22 
(% m/m)/(% moisture weight gain). The swelling of DGEBA/DDA epoxy resin during 
hygrothermal ageing has been investigated by Xiao and Shanahan (1998). The specimens 
were aged in distilled water at different temperatures. The results showed that the rate of 
swelling of the polymer was less than that attributable to the mass of water absorbed 
initially, but that the rates equalise later. It was also found that the swelling was not fully 
reversible. The swelling coefficient was seen to be slightly dependent on the temperature. 
The average swelling coefficient was found to be 0.16 (% m/m)/(% moisture weight gain). 
Cabanelas et al. (2003) have studied the water absorption in polyaminosiloxane-epoxy 
thermosetting polymers (Figure 2.9). The moisture uptake was determined with 
gravimetric measurements. The fractional volume change due to water uptake was 
determined through near infrared spectroscopy. The equi librium moisture content was 
found to be around 2.5% and volume change at saturation to be approximately 4 %. This 
gives a CHE of about 0.005. 
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Figure 2.9 Fractional volume change against immersion time (From Cabanelas et a1.2003) 
The results are summarised in Table 2.3 
Table 2.3 Swelling coeffici ents for epoxy adhesives 
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Adhesive 
FM73 
Epoxy 
Epoxy 
Swelling (% mlm)l(% moisture weight gain). 
0.22 
0.16 
0.53 
Reference 
Romanko and Knauss (1980) 
Xiao and Shanahan (1998) 
Cabanelas et al. (2003) 
2.5 Failure and rupture of adhesives and bonded joints 
The methodology for this research is phenomenological rather than mechanistic. The 
review in this section is thus concentrated on models that describe the material and failure 
processes on a macroscopic scale. 
There are several criteria used by researchers in the literature to predict the failure of a 
joint. A summary of the most versatile approaches which can be used to predict the 
bonded joint strength and the failure process are given below. 
2.5.1 Peak strains (or stresses) 
Peak strains (or stresses) and have been used extensively to predict the joint strength of 
adhesively bonded joints (Adams et at, 1974; Adams et aI., 1986; Adams et at, 1987 and 
Crocombe et at, 1982). It is, however, difficult to use the method due to the bi-material 
singularities inherent in a bonded joint. This imposes a problem when analysing the 
stresses in a joint. Crocombe (1989) has suggested global yielding as a failure criterion 
for bonded joints. The author emphasised that this can give a good prediction of the 
failure load in certain cases. 
2.5.2 Fracture mechanics 
Fracture mechanics have been used to predict joint strengths by many researchers. This 
latter approach is only valid under elastic deformations and small scale yielding and is 
not appropriate when there is gross plastic deformation before failure. 
As the failure usually initiates at a small crack or flaw, fracture mechanics is a versatile 
method to evaluate the strength of joints or the resistance to crack initiation and crack 
growth. 
The intersection of the interface in a bonded joint with a traction-free surface, the 
interface corner, is a potential fracture initiation site because of the stress singularity at 
the corner. Within the context of linear elasticity, the stress near an interface corner of a 
bonded joint are of the form HI-I, where r is the radial distance from the corner, H is the 
interface comer stress intensity factor and ),,-1 is the order of the singularity. A fracture 
initiation criterion for bonded joints is when the stress intensity factor, H, of the elastic 
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stress field at the comer attains a critical value, He. Akisanya and Meng (2003) have 
examined the validity and limitations of the latter criterion for predicting the onset of 
fracture in a butt joint. The joint was made from 2014A-T4 aluminium alloy and a cold 
cured two-pack araldite. The layer thickness varied from h==0.5 to 3 mm to determine if 
the failure stress could be predicted with the H-based fracture criterion. From the 
analyses of the test results it could be concluded that a critical intensity factor can be used 
to characterise the initiation of fracture at the interface comer of the alurniniurnlaraldite 
butt joint. 
Griffith (1921) proposed a model for crack growth based on global energy balance as 
follows 
. . . . 
W=E+K+C 
where W is the work performed by the applied loads, E and K are the rates of change of 
the internal energy and the kinetic energy of the body, and C in the energy spent on 
increasing the crack area (a dot represents differentiation with respect to time). 
If the kinetic energy and the energy dissipated in plastic deformation are negligible the 
equation can be rewritten as follows 
aw aue G=---=r=2y 
aA aA 
where if is the elastic strain energy and y represents the energy required to fonn a unit 
new material surface. 
The above fonnula requires two FE analyses at slightly different crack lengths to be 
determined. 
Another other approach to calculate the strain energy release rate is with the J-Integral 
(Rice, 1968). The J-Integral is an energy method based on calculating a path independent 
integral. The integral has the following fonn in 2D and is calculated around the crack tip 
J= Lwdy-t.:dS 
Where a is the path, w is the strain energy density, t is the traction vector and u the 
displacement vector. For an elastic solid G==J (Rice, 1968). 
Yet another another method to calculate the strain energy release rate using FEA is the 
crack closure approach (Rybicki and Kanninen, 1977; Sethuraman and Maiti, 1988; 
Wahab and Roeck, 1994; Roeck and Wahab, 1995). The method is based on the 
assumption that the energy absorbed upon crack growth is equal to the work required to 
close the crack to its original length (Rybicki and Kanninen, 1977). In 2D, using four 
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noded elements the energy release rates can be determined as follows (Rybicki and 
Kanninen, 1977) 
where the fIrst subscript refers to the direction and the second to the location. The 
location of the forces (F) and the displacements (u) are given in Figure 2.10. The 
fonnulas above can be used to calculate the strain energy release rate from fInite element 
analysis for bonded joints (Wahab et al, 2001). The advantage of the J-Integral is that the 
energy release rate can be calculated from the far fIeld (i.e. less mesh refInement is 
required) whereas the using the crack closure technique the energy release rates 
contributions from the different modes can be determined. 
Figure 2.10 Finite element nodes near crack tip (From Rybicki and Kanninen, 1977) 
Designing an adhesively bonded joint is difficult, due to the stress singularity that arises 
at the edges of the adhesive adjacent to the loaded substrate. Wahab (2000) has showed 
the versatility of using fracture mechanics when designing lap joints. The strain energy 
release rate was determined by using the crack closure technique. A flaw must be 
introduced at the interface comer. An optimal geometry can be detennined by calculation 
of the strain energy release rate for different configurations. 
2.5.3 Progressive damage modelling 
Upon fracture, energy is dissipated through various processes as indicated in Figure 2.11 . 
These energy dissipating processes included: micro void growth, creation of a new 
surface and energy dissipated through plasticity around the crack tip. The energy 
dissipation, damage and subsequent propagation can be modelled with progressive 
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damage modelling. In the modelling, either a continuum, crack band approach or a 
discrete, cohesive zone approach is used. 
In the crack band approach, the fracture process zone (FPZ) is modelled within a layer of 
continuum elements. In a cohesive zone approach, the FPZ width is assumed to be 
negligibly small and is defmed by a traction transfer capability. 
An introduction to the two different approaches is given below. The cohesive zone model 
(CZM) is emphasised as it found to describe the crack propagation along a bi-material 
interface well and has been used in the modelling of bonded joints in this thesis. 
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Figure 2.11 Energy dissipating micro mechanisms in the wake and forward regions of a crack (From 
Chandra (2004) 
2.5.3.1 Crack balld model 
The crack band model (CBM) can be introduced using a computational cell methodology 
as shown in Figure 2.12. The CBM elements are introduced between continuum elements 
on a predefmed crack path. 
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Figure 2.12 Modelling of ductile crack growth using computational cells. (a) Schematic representation of a 
ductile crack extending through a material containing populations of large and small inclusions. (b) 
Computational cell model of ductile crack extension. (c) Finite element representation of computaional cell 
model. (From Koppenhoefer and Dodds (1998» 
The progressive damage and subsequent material softening is modelled with a 
constitutive stress-strain relationship as shown in Figure 2.13 . 
(a) (b) 
• 0 .1 0 
o O. IS 
Figure 2.13 (a) Single cell under uniaxial , plane-strain, (b) elastic-plastic response of single cell under 
uniaxial strain (From Koppenhoefer and Dodds (1998» 
In the CBM model the area under the stress-strain curve represents the dissipated energy 
per unit volume during the fracture processes. When the stress decays to zero the 
computational cell is removed and the crack advances. 
2.5.3.2 Cohesive zone modelling 
Barenblatt (1962) suggested that crack propagation in a material could be described with 
a cohesive zone model (CZM). The CZM was inspired by the observation that the 
intensity of forces of cohesion acting between two parallel atomic planes is zero if the 
distance is equal to the normal intermolecular distance. With increasing distance up to 
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about one and a half times the intennolecular distance, the intensity grows and reaches a 
maximum. After that it diminishes rapidly with further increase in distance. 
The dominant scale of the fracture process in many interface systems can be measured in 
microns rather than nanometers. Thus, the traction-separation law in the eZM at the 
interface should be regarded as a phenomenological characterisation of the zone where 
the separation takes place along the interface and not a description of atomic separation. 
Upon fracture, energy is dissipated through various processes as indicated in Figure 2.11. 
The energy dissipation, damage and subsequent propagation can be modelled by a 
cohesive zone model. 
Traction-separation law 
A eZM implemented in finite element analysis (FEA) is usually of the fonn as shown in 
Figure 2.14. The traction-separation law is governed by a potential. Where, On and Ot 
denote the nonnal and tangential components of the relative displacement of the crack 
faces across the interface in the zone where the fracture processes are occurring, as 
indicated in Figure 2.14. 
OOJ 
o 
6n t L:>------
~ 
o. 
Figure 2.14 Traction-separation law (From Tvergaard (2001» 
When On C and OtC are critical values of these displacement components and a single non-
dimensional separation measure is defmed as 
(2.1) 
The tractions are set to drop to zero when ).=1 (Figure 2.13). With o().) displayed in 
Figure 2.14, a potential from which the tractions are derived is defined as 
1 
Cl>(On'O,)=OC fa(A)dA 
o 
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The normal and tangential components of the traction acting on the interface In the 
fracture process zone are given by 
T = 8<J> 
11 86' 
n 
T = 8<J> 
I 86 
I 
The work of separation per unit area of interface is given below 
The significance of the shape parameters 
The shape of the cohesive zone model (Figure 2.14) is generally assumed not to have a 
significant outcome on the result as found by Tvergaard and Hutchinson (1992). Some 
researches have however determined the shape of the CZM from the experimental data 
and investigated if the shape has a physical significance. 
h a lrnrn 
2 2 3 
End.()penir>g. 5' (mm) a) Cl!*tng. 5 (mm) b) 
Figure 2.15 a) Measured JR-O· curves for Sikaflex 228/steel interface (After Sorensen and Jacobsen (2003» 
b) Derived cohesive laws for Sikaflex 228/steel interface (From Sorensen and Jacobsen (2003» 
Sorensen and Jacobsen (2003) have shown that the appropriate cohesive zone model for 
mode-J fracture can be determined from numerical differentiation of resistance curves 
(2.15a and b). The end opening displacement is measured with extensometers at pins on 
the neutral axis. A DCB sandwich of steel and a polyurethane adhesive (Sikatlex 228) 
were bonded. Tests were employed at 0.005 and 0.5 mm/s. It was found that the shape of 
the cohesive law differs significantly for the two loading rates. The strength of bonded 
panels were predicted with the CZM parameters determined from the DBC experiment. 
Blackman et al. (2003) have investigated weather one of the parameters in the cohesive 
zone model, Cfmax, has any physical significance. All simulations were employed using 
ABAQUS with 4-noded isoparametric elements. Firstly, simulations of delamination in 
fibre-composite materials (ASTM, D5528) were compared with experimental results . It 
was found that cohesive zone model approach could be used to sLiccessfully model the 
delamination. The load-displacement cLirves were found to be independent of Cfmax after 
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the peak load had been reached. Secondly, a tapered-double cantilever beam joint was 
modelled. The modelling result was reasonable when O'max was about 30 to 50 MPa. The 
authors emphasised that this value is approximately equivalent to the uniaxial tensile 
yield stress. Lastly, the importance of the cohesive parameters was investigated for a T-
peel test (ASTM, D 1876). It was found that several combinations of the strain energy 
release rate and the critical stress gave a good fit to the experimental data. The authors 
conclude that it could not be stated whether or not O'max has a physical meaning. 
Numerical investigation of the actualfracture toughness in a plastically deforming 
material through use of a CZM 
The relationship between the crack growth and resistance and the fracture process 
parameters in elastic-plastic solids for opening mode crack growth was modelled by 
Tvergaard and Hutchinson (1992). The fracture process was modelled with a traction-
separation relationship where the fracture toughness and the stress when starting to 
unload (uu) were the characteristic parameters. The work of separation per unit area (Fo) 
were compared with the total amount of dissipated strain energy release rate erR) 
determined by the J-integral (Rice, 1968) and the stress intensity factor (K) determined 
from the edge displacements cr wi 0 = (IKRIlKo)2). For the plastic response of the solid 
material a standard isotropic plasticity model based on the Mises stress invariant was 
used. The hardening was defined as follows: 
&=(0", /E)(O"/O" I' )' , 
Several computations for different initial tensile yield stress (Uy) were employed. It was 
concluded that plastic dissipation will only make a significant contribution to crack 
growth resistance then O'u/O'y is greater than about 2.5-3.5 depending on the hardening and 
the 2D assumption. For plane strain, which was used in that work, the crack initiated and 
advanced without permitting a fully developed plastic zone to fonn for a lower value than 
2.5 and hence the plastic dissipation was low (Figure 2.16-17). 
o 3 
Or---~------------~--------------
':1'0 
Figure 2.16 Crack growth resistance curves as a function of cr/ cry for N = 0 .1 (From Tvergaard and 
Hutchinson (1992)) 
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Figure 2.17 Steady-state toughness as a function of cr.!cry and the hardening (From Tvergaard and 
Hutchinson (1992)) 
Tvergaard and Hutchinson (1993) have further developed the traction-separation 
relationship to model mixed mode fracture. In this work the mixed mode toughness of an 
interface joining elastic- plastic solid to an elastic solid was analysed. The yield was 
modelled using isotropic von Mises hardening. A strong dependence of interface 
toughness (total amount of dissipated energy/fracture energy) on the relative portion of 
loading in mode II to mode I was seen. The critical separation in both modes was set the 
same, i.e. the fracture energy defined by the CZM was the same in all modes (equation 
2.1). The increase in toughness with increasing portion of mode II to mode I was a 
consequence of plastic deformation outside of the fracture process zone (Figure 2.18). 
-30 o 30 IjIJ ~O. 
t 
b i 
Figure 2.18 Steady-state interface toughness as a function of the local mode mixity ('1'0 =0 represents pure 
mode I) (From Tvergaard and Hutchinson (1993) 
The same approach has been applied to model crack propagation along the interface 
between a thin ductile adhesive layer and elastic substrates (Tvergaard and Hutchinson, 
1996). The substrate was assumed to be elasticaJly isotropic. For the plastic response of 
the layer a standard isotropic Von Mises plasticity model was used. The toughness was 
seen to increase strongly with cru/cry In very thin layers there was seen to be nearly no 
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enhancement due to plastic dissipation. For layer thicknesses larger than the plastic zone, 
the toughness divided by the work of fracture became independent of further increase of 
the thickness. The effect of the modulus ratio between the substrate and the adhesive 
layer is shown in Figure 2.19. A stiffer substrate gave a higher toughness and the author 
suggested that this effect was related to the ability of stiffer substrates to better shield the 
layer near the tip. Tveergaard (2001) have also determined resistance curves for mixed 
mode interface crack growth between dissimilar elastic-plastic solids on each side of the 
crack plane. Similar characteristics as found in Figure 2.18 and 2.19 were established for 
this model. 
t 
~'. 
\t=J 
Figure 2.19 Dependence of the steady-state toughness of the joint on a/ay various modulus ratios (From 
Tvergaard and Hutchinson (1996» 
Gao and Klein (1997) emphasised the superiority of modelling crack growth with 
cohesive zone elements compared with classical methods. Using a cohesive zone model it 
is possible to separate the contribution of plastic flow in the structure from the work 
consumed at the crack tip. 
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Figure 2.20 The effect of the shape of CZM on the resistance curve of a double edge notched plate (From 
Li and Chandra (2003» 
Li and Chandra (2003) investigated the importance of the shape parameters on the 
resistance behaviour of crack growth in ductile double edge notched plate. It was found 
that the resistance behaviour did depend on the shape of the ZM model. The transition 
region was found to be much longer for a model with initial stiff loading as the unloading 
part is longer (Figure 2.20). 
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Figure 2.21 Crack growth resistance curves corresponding to (a) different values of a for the case 
'I'=600 and (b) different values of 'I' for the case (1=00 (From Cowdhury and Narasimham (2000» 
Experiments suggest that yield behaviour of polymeric materials is considerably different 
from that of metals. The yield stress under uniaxial tension for a polymer is different 
from that in uniaxial compression (Haward, 1973). Polymers can be modelled with a 
Drucker-Prager plasticity model which accounts for this effect (Bowden and Jukes, 1972; 
Chiang and Chai, 1994). Cowdhury and Narasimham (2000) have modelled a cracked 
sandwiched layer under plane strain, small-scale yielding conditions. Pressure 
dependence was accounted for by the Drucker-Prager yield criterion and the crack 
propagation was simulated by a cohesive zone model. The system comprised of two 
identical semi-circular elastic adherends, joined by a thin polymeric adhesive layer of 
thickness h. The ratio of the Young's modulus of the elastic adherands and the adhesive 
was set to 20. The thickness of the adherends was 1500 times the adhesive thickness. It 
was seen that energy dissipation through plastic deformation in the adhesive layer 
enhanced the toughness of the system. The effect of the hydrostatic pressure sensitivity (n) 
is shown in Figure 2.21a and the effect of mode mixity is shown in Figure 2.21 b. 
CZM applied to predicting the response of bonded joints and composites 
Shirani and Liechti (1998) modelled thin film blistering using cohesive zone elements to 
determine the fracture energy. The circular aluminium substrates had a diameter and 
thickness of 100 mm and 25 mm. A hole for pressurization was machined at the center of 
the substrate. A layer of PDMA/ODA of thickness 50 11m was spin coated over the 
substrate. First, data from bulge test was used to determine the mechanical properties of 
the thin polyamide layer. The bulge test consists in measuring the deflection of the film 
as a function of pressure, thereby allowing the stress-strain curve to be determined. The 
cohesive zone model was chosen because significant amounts of yielding could be 
expected in the blister experiments. Using a cohesive zone model, the intrinsic toughness 
of an interface and the plastic dissipation can be separated. A close agreement between 
measurement and prediction was apparent for the elastoplastic analysis with interface 
elements for debonding of the thin layer. 
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Polymer interfacial fracture simulations have been undertaken by Rahul-Kumar et al. 
(1999). The cohesive zone model was implemented in the commercial finite element 
package ABAQUS to capture physical processes and dissipation mechanisms in a 
cracking material. The approach was used to undertake modelling of three different joint 
configurations. Firstly, a simulation of aT-Peel test with a ductile adhesive (ASTM, 
01876) was undertaken. The results from the simulation showed that the cohesive zone 
model approach was suitable to model interfacial fracture in the T -Peel test. Secondly, a 
compressive shear strength test (CSS) was analysed. The CSS test consists of loading a 
substrate-adhesive-substrate laminate in compression and shear, and monitoring the force 
displacement characteristics. The laminate used in the study consisted of glass and 
plasticised - polyvinyl butyral (Butacite). The glass was modelled as a linear elastic solid 
and Butacite was modelled as a viscoelastic solid. Cohesive elements were placed along 
the glass polymer interface. The computations correctly predicted stable crack extension 
followed by instability as observed in experiments. 
The fracture of an end-notched flexure (ENF) specimen loaded in three-point bending has 
been modelled using a cohesive-zone model by Yang et al. (2001). The aim of the study 
was to establish a general modelling approach to obtain quantitative predictions for the 
fracture of adhesively bonded joints. Numerical experiments confirmed that the fracture 
toughness and the peak stress are the two key parameters and that the shape of the 
cohesive zone model is of less importance. Torsion tests of adhesively bonded butt joints 
were conducted to obtain the shear properties of the adhesive layer (X04600). ENF 
specimens were manufactured using 20 mm wide coupons cut from aluminium sheets of 
different thickness varying between 1.6 and 3.0 mm. The geometry of the test is shown in 
Figure 2.22. 
L L 
Figure l.ll Test configuration of an ENF specimen. The span, 2L, is 60 mm, and the initial crack length, a, 
is 20 mm (From Yang et aI. (2001» 
For all specimens tested, the fracture was interfacial. Numerical calculations were 
performed to simulate the three-point bending tests. The cohesive-zone model was 
incorporated within elastic plastic finite-element calculations using ABAQUS. Large-
strain and large-rotation conditions were considered; with the von Mises yield criterion 
and an isotropic strain-hardening model being used to simulate the mechanical behaviour 
of the adherends. Plane stress elements were shown to provide a better approximation 
plane strain elements. 
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Figure 2.23 Load (per unit width) plotted as a function of the deflection at the mid.point of the span for 1.6, 
2.0, 2.3 and 3.0 mm thick, ENF specimens. The shaded areas show the range of experimental results. The 
solid lines show the results ofnwnerical calculations with tu = 35 MPa and [11=5.4 kIm·2 (From Yang et at. 
(2001» 
The authors argued that the reason for that is that the adhesive layer is much more 
compliant than the aluminium adherends, and does not provide the constraint necessary 
for plane strain deformation of the specimens. The adhesive layer was simulated by user-
defined elements that simulated the traction-separation relationship of mode-II cohesive-
zone model. The simulation showed an excellent ability in reproducing the entire 
deformation history both before and after the beginning of crack growth (Figure 2.23). 
The key parameters were calibrated for the 2.3 mm thick samples, and were then used to 
simulate the fracture of other specimens with different thickness. The numerical results 
were in excellent agreement with the experimental results. 
Experimental and numerical investigations of mixed mode crack growth resistance of 
ductile adhesive joints have been employed by Madhusudhana and Narasimhan (2002). A 
cohesive zone approach was used to predict the interface fracture behaviour. The 
cohesive zone parameters were obtained by comparing the results of the simulations and 
the corresponding experiments for a few cases. The adhesive layer was modelled using 
the Drucker-Prager yield condition with power law hardening, while the aluminium 
adherands were assumed to be linear elastic. The modified compact tension shear 
specimen (ASTM, E-399) was manufactured by joining two rectangular aluminium plates 
by an adhesive layer. The authors emphasised that the good agreement between the 
simulation and the experiments demonstrated the predictive capability of the cohesive 
zone approach used in this work to model the interfacial crack growth. 
Davies (2002) has described four 20 benchmark models for composite delamination. A 
force-separation relationship similar to the ones described above for the CZM was used to 
simulate the delamination. Delamination initiation and growth in a composite laminate 
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wer analysed by using CZ model of Borg et al. (2002). The test specimen geometries are 
shown in Figure 2.24. 
'l 
(J 
Figure 2.24 Experimental setup, prescribed displacement 01 gives mode I (DCB), Oil gives mode II (ENF) 
and 0mlx gives mixed mode opening (MMB) ao is the initial crack length (From Borg et al (2004» 
The delamination model was implemented in the FE code LS-DYNA using explicit time 
integration. Eight noded brick elements were used in the FE model. The interaction of the 
initial crack was defined as a sliding interface while the remainder of the potential crack 
path was tied together with the delamination model. The simulations of double cantilever 
beam (ASTM, D 1 002), end-notch flexural and mixed mode bending (ASTM, 6671) 
experiments all showed good agreement with experimental results. 
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Figure 2.25 Crack extension and applied force as functions of prescribed displacements for the D B, ENF 
and MMB tests (From Borg et al (2004» 
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The same joint configurations were simulated with shell elements instead of solid brick 
elements (Borg et al (2004)). The less expensive analysis was seen to simulate the 
behaviour well as shown in Figure 2.25. 
Cohesive zone properties of an adhesive layer from the analysis of the wedge-peel test 
have been determined by Ferracin et al. (2003). The adherends were modelled using h 
flow theory. Two calibration methods were proposed for converting experimental data 
into cohesive zone properties. The first method made use of the measured crack length 
during testing and the measured radius of curvature. For the second method, the measured 
radius of curvature from tests performed on assemblies made of substrates having 
different thickness was used to determine the parameters. The first method only requires 
one test but the measurement of the crack length is more difficult and less accurate than 
the measurement of the radius of curvature. The authors hence recommend the latter 
method. 
Andersson and Stigh (2004) have modelled the fracture of two different DCB specimens 
successfully. The test geometry is shown in Figure 2.26. 
Ft 
d :~~ ~~ F~ I "" 
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Figure 2.26 DCB-specimen with measured quantities F, e, Ll and w (From Andersson and Stigh (2004» 
The substrates were mild steel. The CZM was introduced by using non-linear spring 
elements in ABAQUS. The experimental results are compared with the modelling Figure 
2.27. 
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Figure 2.27 Experimental (solid line) and simulated (dashed line) F-Ll curves. Vertical lines indicates: 
maximum value of F according to experiment (solid line); maximum value according to simulation (dashed 
line); and crack propagation according to the simulation (dotted line) (From Andersson and Sligh (2004» 
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Rate dependent cohesive zone model 
Rate-dependent crack growth in adhesives has been modelled by Xu et al. (2003a). The 
rate-dependence was accomplished by coupling a cohesive zone model for mode r 
fracture in parallel with a Maxwell element as displayed in Figure 2.28. 
Figure 2.28 Rate dependent ez model (From Xu et al. (2003)) 
Double cantilever beam (Figure 2.29) specimens with adherends of AI 6061-T I and a 
modified high density polyethylene based thermoplastic adhesive were tested to verify 
the modelling approach (Xu et aI., 2003b). 
Figure 2.29 Test set-up for DeB test (From Xu et al. (2003)) 
The specimens were tested for initial crack lengths of 127 mm and 101.6 mm, and test 
speeds of 5.08mm/min and 203.2 mm/min. The calibration of the rate independent 
cohesive zone model parameters was accomplished by comparing a series of numerical 
simulations on the double cantilever beam test results with experimental data for a joint 
with an initial crack length of 127 mm and a test speed of 5.08 mm/min with represented 
the rate independent limit. The rate-dependent part was obtained by comparing results of 
numerical simulation with experimental results at test speeds of 50.8 and 508 mm/min. 
The calibrated parameters were then used to predict the re ult for the other DeB 
specimens. Good agreement between the numerical and the experimental results was 
obtained as demonstrated in Figure 2.30. 
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Figure 2.30 Experimentally determined P-COD curves for DCB tests (h=9.4 mm, ao=101.6 mm, 
L=216.0 mm) at (i) V=5.0S mm/min; (ii) V=50.S mmlmin; (iii)V=203 .2 mmlmin, (iv) V=50S.0mm/min. 
Comparison to numerical predictions (From Xu et af. (2003» 
The authors conclude that crack initiation and propagation processes for a range of 
loading rates can be described well, even in cases where the applied loading speed is a 
function of time, by use ofa cohesive zone model. A summary of the magnitude ofCZM 
parameters used to predict experimental results are given in Table 2.4. 
Table 2.4 CZM parameters used to predict experimental results 
UII (MPa) r(kJm-') Material 
0.65-1 0.6-2.3 polyurethane 
5.7 2.54 polyethylene 
35 5.4 
22 O.S 
74 O. IS 
57 0.2SI (mode I) 
50 0.257 (mode I) 
epoxy 
epoxy 
epoxy 
composite 
composite 
20-40 0.259 (mode I) and I .OOS (mode II) composite 
Fatigue modelling through a cohesive zone model 
Reference 
Sorensen and Jacobsen (2003) 
Xu et al. (2003) 
Yang et al. (2001) 
Andersson and Stigh (2004) 
Madhusudhana and Narasimhan (2002) 
Davies (2002) 
Blackman et al (2003) 
Borg et al (2002) 
Roe and Siegmund (2003) have developed a cohesive zone model for interface fatigue 
crack growth simulation. The material parameters for a cohesive zone model are the 
traction to start unloading and the energy. A damage variable is introduced in the 
cohesive zone model to simulate the degradation of the cohesive properties due to cycl ic 
loading. The model was implemented in the commercial finite element code ABAQUS 
by use of the UEL subroutine feature. 
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Figure 2.31 a) Specimens under investigation: (a) DCB, (b) ELS, and (c) MMB specimen (after Roe and 
Siegmund (2003)). b) Predicted dependence of the normalized FCGR on the normalized applied energy 
release rate range for mode I, mode 11, and mixed-mode loading (From Roe and Siegmund (2003)) 
The cohesive elements introduced possessed four nodes and two integration points. The 
new cohesive zone parameters were determined from experimentally determined S-N 
diagrams. For investigation of crack growth under mode I loading a double cantilever 
beam (DBC) specimen was employed. The crack was constrained to grow along the 
centreline of the specimen. For mode II crack growth an end loaded split specimen was 
employed with the crack constrained to grow along the centreline of the specimen. For 
crack growth under mixed-mode loading a mixed-mode beam (MMB) specimen was 
employed. The test geometries are shown in Figure 2.31 a. Fatigue crack growth 
simulation was performed cycle-by-cyc1e. The power law dependence of crack growth 
rate with the applied energy release rate change, as proposed in Paris law, was 
successfully predicted as shown in Figure 2.31 b. 
2.6 Joint durability 
Joints degraded in moist environments are often found to fail at the interface between the 
adhesive and the substrate. The strength of joints cannot therefore be so lely determined 
by the cohesive properties of the adhesive. The interfacial strength of adhesive system 
also had to be assessed. 
2.6.1 Mechanisms of the degradation of the adhesion 
The main theories for adhesion are mechanical interlocking, diffusion theory, electronic 
theory and adsorption theory (Watts, 2004). Mechanical interlocking has been found not 
to contribute significantly to the strength of the joint (Kinloch, 1997) and would not 
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decrease in the presence of moisture. The diffusion theory involves inter-diffusion of two 
interacting materials any is not relevant for adhesion between organic and inorganic 
phases (Watts, 2004). The electronic theory of adhesion assumes that there might be 
some electron transfer to align Fermi levels at the interface. This would cause an 
attractive force on separation. This is however not likely in polymer-metal adhesion 
(Watts, 2004). Adsorption is the most relevant theory for adhesion between organic an 
inorganic systems and describes the intermolecular forces between the phases at the 
interface (Watts, 2004). Of those intennolecular forces, the secondary are the most 
important for the adhesion (van der Waals forces) and not the primary forces (ionic, 
covalent and metallic). The work of adhesion (WA) of these secondary forces can be 
estimated by the following equation (Dupre, 1869) if the surface free energies (y) are 
given: 
WA = }'a + Ys - Yas 
The surface energies can be determined by direct measurement of the angle of a liquid 
drop on a solid swface using Young's equation (Packham, 2003). 
In the absence of water, the work of adhesion is positive but in the presence of water the 
relationship gives a negative value and hence the interface becomes thennodynamically 
unstable (Gledhill and Kinloch, 1974). The thermodynamic approach describes however 
a joint at equilibrium but not how long it takes to achieve this state. The fracture energy is 
seen to decrease with an increase in the relative humidity of the aging environment 
(Korenberg et aI., 2004). The degradation can also be explained by applying chemistry to 
the interface as the strength of bonds which water forms with an inorganic oxide is 
substantially greater than the interactions between an oxide and a polymer (Linossier, 
1999). 
Another explanation for the degradation found in the literature is hydration of the 
substrate metal oxide layer (Knox and Cowling, 2000). The hydrated metal becomes 
gelatinous and acts as a weak boundary layer (Venables et ai., 1979). However it has 
been suggested that the hydroxide growth occurs after fracture and is unrelated to the 
fracture process (Compton, 1989) and traces of metal on the polymer side is rarely found 
(private communication with R.D. Adams). The conversion of oxide to hydroxide can 
occur at a free surface in water but it is not clear that the same mechanism can occur 
when the oxide is wetted by the polymeric layer as the hydration process involves 
dissolution of the aluminium oxide followed by reprecipitation (Underhill and 
DuQuesnay, 2005). 
2.6.2 Durability of adhesively bonded joints 
The degrading effect of water on structural adhesive joints was investigated by Gledhill 
and Kinloch (1974). The initial breaking stress of their mild steel-epoxy butt joint was 
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37.5 MN/m2• Joints exposed to control environments of 20°C and 56%RH suffered no 
significant change in joint strength. However, for joints exposed to the other 
environments, all of which involved immersion in water, the measured strength decreased 
considerably; the higher the immersion temperature, the more rapid was the decay. The 
initial locus of failure was cohesive through the adhesive. The locus of failure for joints 
immersed in water was interfacial at the edges but cohesive in the middle. Longer 
exposure time gave a larger interfacial zone. After saturation no further degradation 
occurred. Gledhill et a1. (1980) suggest that the durability can be predicted by combining 
water diffusion data with fracture mechanics. The diffusion in the bulk adhesive was 
determined using gravimetric experiments. The moisture uptake data was fitted to the 
Fickian diffusion relationship. Applying a fracture mechanics approach, it was found that 
the fracture stress could be predicted if the water concentration in the adhesive was 
known. 
The Boeing wedge test is one of the standard test methods (ASTM, 03762) to assess the 
durability of adhesively bonded joints. A wedge test specimen consists of two substrate 
bonded together with a short unbonded length at one end into which a wedge is driven. 
The test is undertaken by inserting a wedge into the bondline to induce cleavage stresses 
in the joint, and then the specimen is exposed to an environment at high humidity and 
elevated temperature. In this test, the rate of crack growth is monitored and the failure 
mode is noted. It is not used as a quantitative accelerated-ageing test due to crack 
blunting effects and creep. However, if a test procedure can be developed in such a way 
that the adhesive employed does not creep excessively and the substrate plastic 
defonnation could be avoided, then the Boeing wedge test may be a very useful 
accelerated test method (Cognard, 1986). 
Crocombe (1997) developed a framework to assess the effect of environmental 
degradation in adhesively bonded joints and subsequent cohesive failure. The moisture 
ingress in the joint is assumed to be Fickian. Transient finite element analysis was used to 
determine the moisture concentration in the joint due to diffusion. A single lap joint was 
modelled with a fillet of different sizes to assess the effect it had on the moisture uptake. 
From the numerical simulations it was seen that the fillet had a significant effect of the 
moisture ingress. Modelling of lap joints bonded with FMIOOO was then employed. The 
author suggested that the joint failure occurs at the centre of the exposed joint, where the 
adhesive is dry and less ductile. The joints strength was predicted to within a few percent. 
Taylor and Kinloch (1998) have investigated the effect of cyclic fatigue loading on the 
perfonnance of a range of rubber toughened adhesives. The epoxy adhesives used were 
A Vl19 and LMD 114. Fracture mechanics data were obtained using tapered double-
cantilever beam specimens. Cyclic fatigue tests were performed at 23°C and 55% relative 
humidity and in distilled water at 28°C. All fatigue tests showed a threshold value of the 
applied strain-energy release rate, below which crack growth does not occur. The 
threshold strain energy release rate depends both on the adhesive and the 
adherendlsurface treatment used. The magnitude of the threshold reduction on aging 
showed that if fatigue is likely to be a mechanism of joint failure, then a large safety 
factor must be used. 
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2.6.2.1 The effect of temperature on the rate of strength degradation 
Adhesive failure tests have been conducted on adhesive joints established between an 
epoxy resin and untreated titanium metal by Andrews and Stevenson (1980) for different 
temperatures. The test piece geometry consisted of a cylindrical base block of titanium on 
to which was cast a cylinder of epoxy resin. A flat circular flaw was created at the 
epoxy/titanium interface by means of an embedded circular disk of PTFE. The titanium 
adherend block contained a central orifice through which hydraulic pressure was applied 
to the flaw until crack growth occurred. The test pieces were environmentally aged by 
immersion in a water bath. Test pieces exposed to water for 120 hours were used to 
investigate the effect of temperature. Joints exposed at 20°C failed cohesively. After 
exposure at 50°C the fraction of interfacial failure increased to 10%. After exposure at 
60°C the interfacial fracture increased further to 47%. When the exposure temperature 
was further increased to 80°C, the mode of failure became completely interfacial and 
occurred at substantially lower energies. The authors suggested that the reduction could 
be attributed to the higher rate of diffusion at the higher temperatures. 
2.6.2.2 The effect of torrosive environments on the durability 
Yet another possible mechanism of degradation of the interface strength is cathodic 
delamination or electrochemical-corrosion (Davis and Watts, 1996). In case of a steel 
substrate the reactions are as follows: 
Fe - Fe2+ + 2e- (anodic reaction) 
02 + 2H20+ 4e- - 4 OH- (cathodic reaction) 
Similar reactions can however occur for other substrate metals. The outer edges consist of 
exposed iron and will be anodic and the regions covered with epoxy will be relatively 
cathodic. The alkaline environment (OH-) which results is deleterious to the interfacial 
strength as it leads to production of partially soluble oxides and detachment of the coating 
(Watts and Castle, 1984). As the epoxy is displaced the newly exposed metal will become 
anodic and the corrosion path move towards the joint centre. 
Kinloch et el. (2004) have suggested that the inferior strength of TDCB (tapered double 
cantilever beam) joint when immersed in water compared with 100%RH might have been 
due to a corrosion process. A high concentration of calcium ions were found when 
undertaking XPS analysis which indicated production of hydroxyl ions (i.e. corrosion). 
The role of ion diffusion in the cathodic delamination process for coated steel have been 
determined by Deflorian and Rossi (2002). The rate of delamination was seen to be a 
function of the salt concentration in the solution. In distilled water the delamination was 
almost non-measurable. The induction time was however determined by the diffusion of 
water through the coating. The rate was also seen to be dependent on the oxygen content 
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in the solution. The same characteristic has been found by Sargent (2005). Specimens 
immersed in tap water failed early on in the test and specimens immersed in distilled 
water did not show any significant reduction in strength after 7 years. A similar type 
debonding (known as filiform corrosion) affects painted metals in marine environments 
(Bautista, 1996). 
2.6.2.3 The effect of pre-treatment on joint durability 
The interfacial strength can be substantially improved if the substrate material is pre-
treated. There are a wide range of pre-treatments available. 
The effect of grit-blasting on joint durability 
Mechanical roughening processes remove inactive oxide and hydroxide layer of the base 
material which leads to a fissured surface. The higher reactivity of the fresh surface oxide 
does make it susceptible to corrosion by water, but this reactivity also appears to lead to 
good durability of the adhesive/oxide interface in humid environments (Brockmann, 1983) 
Harris and Beevers (1999) investigated the effects of grit-blasting on the surface 
properties for adhesion. The experiments were performed using mild steel CRI and 
aluminium alloy 5251. Both single lap shear and tensile butt strength tests were 
undertaken. The lap shear tests were made from 80x20x1.6 mm coupons with 2OxlO mm 
bond area. The tensile butt joints consisted of 28 mm disks of the substrate material 
bonded onto the end of circular studs of the same diameter. The adhesive used to 
manufacture these joints was a two-part room temperature curing epoxy (Araldite 2011). 
In tests it was observed that initial joint strength was relatively independent of grit type 
(although the joints with grit-blasted surfaces were typically 50% higher than the solvent 
wiped surfaces). For the durability testing, bonded lap and butt joints were immersed in 
de-ionised water at 60°C and tested at intervals up to 12 weeks. The results show that 
with mild steel substrates, the lap shear joints displayed no difference between the two 
surface textures. However, with the tensile butt joint the rougher surfaces showed a 
higher level of durability. The authors suggest that this may be due to a higher sodium 
content on those surfaces. With the aluminium alloy, both joint configurations displayed 
the same characteristics with the smoother surfaces producing the higher level of strength 
retention as the wettability is higher for a smoother surface. The failure modes of the lap 
shear joints were consistently 100% apparent adhesion failure. With the tensile butt joints, 
however, the failure increased from 30% apparent adhesion failures to 70% after 
exposure for both mild steel and aluminium alloy substrates. 
The effect of acid etch and acid anodised on joint durability 
Bowditch (1996) has studied the effect of sulphuric acid anodised (SAA), chromic acid 
anodised (CAA), phosphoric acid anodised (P AA) and phosphoric acid dip pre-treatemnts 
on the durability after immersion for 2000 hours. At higher temperatures the failure was 
cohesive on the other hand. At lower temperatures (S 40°C), the failure was interfacial 
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and the surface treatments became important. The PPA treatment was found be the most 
resistant. Armstrong (1997) has tested the durability of a number of cold-setting two-part 
paste adhesives and hot-setting film adhesives. The test used was the wedge test (ASTM, 
03762), with 2024-T3 clad aluminium alloy as adherends. The four surface preparations 
tested were chromic acid anodise (tank), Selectrons portable chromic acid anodise, 
Oeoxidine 202 phosphoric acid paste etch and abrasion. Comparing the four surface 
preparations showed that chromic acid anodising was superior to the others. Selectrons 
anodise were quite good and far better than with Oeoxidine 202 or glass paper abrasion. 
The effect of silane on joint durability 
Silane pre-treatment is seen to enhance the durability considerable. The formation of a 
covalent bonds between the aluminium oxide and the hydrolysed silane is thought to 
explain the enhanced durability (Rattan a et al., 2002). 
Knox and Cowling (2000) investigated the effect of silane pre-treatments on Jomt 
durability by exposure to 100%RH at 30°C. Thick adherend mild steel lap shear joints 
and a typical hot-cured, single-part structural epoxy paste adhesive, A V 119, were used 
to investigate the role an adhesive primer has in improving joint durability. From the test 
results it could be seen that all primers on a shot blasted surface improve the joint 
durability. It was also found that silane treated surfaces are superior to the standard shot-
blasted samples and also better than the corrosion inhibitors. For a primer such as SiP 
(Self Indicating Primer from Permabond), the loss in strength is negligible over the 12 
week exposure period (Figure 2.32). 
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Figure 2.32 Accelerated durability performances of bonded steel lap shear joints (From Knox and Cowling 
(2000)) 
The durability of silane pre-treatment on aluminium alloy bonded with FM73 has been 
tested by Rider and Amott (2000). The following surface treatment were applied to the 
clad AI -2024 aluminium alloy adherends prior to the application of the adhesive: grit-
blast, grit-blast + silane, grit-blast + silane + BR-127, grit-blast + boil, grit-blast + boil + 
silane, CAE + PAA (phosphoric acid anodise method) and Pasajel + BR-127. Wedge 
tests were employed to test the durability (ASTM, 03762). After curing, the joints were 
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tested in 50°C and 95% relative humidity. The results showed that chemical treatments 
improved the adhesive joint durability markedly. Rider (2001) has investigated the 
feasibility of silane pre-treatment to various metallic joints. Wedge tests (ASTM, D3762) 
were conducted for a range of metallic adherends and room temperature curing adhesives. 
All samples were tested in a 50°CI1 00% relative humidity environment. Grit-blast 
adrasion followed by silane treatment was found to provide as good pre-treatment as a 
phosphoric anodisation process. Johnsen et al. (2002) have employed wedge tests to 
investigate the durability of adhesively bonded joints of pre-treated aluminium. The 
durabilities of the FPL-etched, alkaline etched and sulphuric acid anodised specimens 
were all of the same order, with fairly good durability. Substrates which had been 
abraded, grit-blasted and alkaline etched were treated with silane. It was observed that 
treatment with silane significantly increased the durability. 
2.6.2.4 Reversible effects 
The degradation of the fracture strength of two epoxy adhesives was determined by 
Wylde and Spelt (1998) by exposing them to 100%RH at 35°C, 65°C and 85°C. An open-
faced specimen was prepared by applying an adhesive layer on to an aluminium plate and, 
after curing, exposing it to a range of temperatures and humidity. After degradation the 
specimens were dried out and a second 12.7 mm aluminium plate was bonded to the 
open-faced specimen with EA 9309NA. The resulting DCB specimens (ASTM, D3433) 
were then used for fracture testing. The crack propagated through the primary adhesive. 
The amount of pennanent degradation increased with increasing exposure temperature. 
The results for the Cybond 4523GB adhesive joint is shown in Figure 2.33. 
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Figure 2.33 Effect of increasing the temperature at 100 % relative humidity on the permanent degradation 
ofCybond 4523GB (From Wylde and Spelt (1998» 
Xu et al. (2003d) have tested the durability of conductive adhesive joints. The joints were 
aged at 100%RH at 85°C for up to 50 days. The DCB fracture test was used to test the 
durability. It was found that a hot wet environment significantly reduced the strength of 
the joints. The joints showed interfacial failure after ageing for 50 days. The fracture 
energy of some of the aged adhesive joints was recovered to some extent upon re-drying. 
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The joints that recovered strength had a larger cohesive failure area than the one that not 
recovered strength (Table 2.5). 
Table 2.5 Fracture energy of aged and re-dried adhesive joints (After Xu et al. (2003d» 
Ad&isVlC type ~aea ::! days Res SO day, aging 
a.llm' AlEd. a.llm" briCd. a.1/llt Aet:c.. JIn}' Dried. a. JIm" 
Joints ",,'fit ro1dpJlill'nr 
P.('.A.I J 38 34 136 4 36 
OCA2 143 64 102 4.7 6 
RCA'; 170 46 119 )0 10 
Joints ..,;,,, COPP"'" pfllli"!l 
ECAI 139 
ECA2 118 
f!CA3 159 
105 
9.8 
2:! 
13() 
11.5 
69 
16 
27 
13 
IS 
~4 
35 
XPS characterisation showed that joints without any recovery showed interfacial failure 
along the oxide interface or within the oxide whereas the joints that recovered exhibited 
cohesive failure or interfacial failure along the adhesive-metal interface. The authors 
suggested that the oxide behaves as a weak boundary layer which explained the 
characteristics. 
2.6.2.5 The effect of applied stress during the ageing 
Knox and Cowling (1999) have investigated the effect of applied stress during the ageing 
of bonded thick adherend lap shear joints. The adhesive used was AV119. The ageing 
was acheived by placing the specimens in a controlled environment cabinet, which 
maintained the conditions at 30°C and approximately 100% humidity. The four variations 
tested were: no spew fillet and no load (A), spew fillet and no load (B), as A but with 
15% of the initial failure load (19.7 kN) applied to the joint (C) as B but with 15% of the 
initial failure load (21.4) applied to the joint (D). Similar testing was undertaken on the 
bulk adhesive specimens. The change in failure stress and Young's modulus was 
recorded over a 12 week period. The two conditions tested were: (i) samples subjected to 
ageing and (ii) preloaded at 20 and 50% of the initial failure load (1800 N). The result 
from the lap shear joints all followed a similar trend. The ultimate failure load decreased 
as the ageing time in the environmental cabinet increased. The failure load for type-B 
decreased to approximately 72% of the initial failure load. Specimens of types C, D and 
A all showed evidence of interfacial failure. Type-B specimens had a failure surface that 
had similar features to those observed in the lap shear joints that had not been subjected 
to aging. The unaged joints failed cohesively. From the results it can be seen that the 
specimens with spew fillets had a higher failure load than the ones without. The 
difference was not significant for the stressed specimens. The results also showed that a 
loaded joint is more affected by water degradation than one that is not loaded. It was 
however shown that there was no further degradation in the bulk adhesive if the preload 
was low (20% of initial failure strength). A preload of 50 % of the initial failure load of 
the bulk adhesives did show a fast degradation due to creep. 
Covalent bonds might exist across the interface in a joint (Comyn (1983». Any chemical 
reaction involving the destruction of these bonds would be accelerated with stress 
according to the following relationship: 
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Lam et al. (1999) derived a relationship for debonding through hydration using chemical 
kinetics and thermodynamics. The rate of de-bonding obtained is reproduced below: 
dD 
- - = Dk(c)exp(Au2 ) 
dt 
Comparison between model and crack length data gave good agreement and the authors 
concluded that this indicate that the bond degradation is governed by time-dependent 
stress-assisted hydration rather than governed by water alone. 
2.6.2.6 The effect of residual strains 
Residual strains due to the CTE mismatch and swelling may cause significant stresses in 
adhesively bonded joints. These stresses may reduce the service life of the joints. 
Residual stress induced by the thermal mismatch and non-uniform temperature 
distribution have been studied for T-joints (Apalak et aI, 2003a) and turbular single lap 
joints (Apalak et al, 2003b). Geometrically non-linear thermal steady-state analysis of 
adhesively bonded joints was carried out using the finite element method. Variable 
thermal boundary conditions were attributed to the surfaces of the joint. The non-uniform 
temperature field was seen to contribute significantly to the residual stresses in the joint. 
Experimental data on butt joints used by Reddy and Guess (1996) suggest that residual 
stress generated by cooling had little effect on the joint strength. Stress relaxation data for 
the adhesive used showed that the stress level decreased by 30% over a period of 30 
minutes. This may explain why residual stresses have only a little effect on the joint 
strength. 
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Figure 2.34 a) Fraction of epoxy above a certain value of effective stress at different times b) Time 
variation of average effective stress and hydrostatic stress for models with and without the residual thermal 
stresses (DT=-65 0c) (From Vaddadi et al. (2003» 
Transient hygrothermal stresses in fibre reinforced composites have been studied by 
Vaddadi et al. (2003). Experimental work on IM7/997 8-ply unixaial Cytec Fiberite 
composite was carried out. The specimen was 140x70x 1.2 mm. The temperature was 
85°C and the relative humidity 85%. As the total area of the front and back surfaces was 
much graeter than the area of the specimen edges, moisture transport across the specimen 
edges could be neglected. In the model both a hexagonal and a random distribution of 
carbon fibres was studied to capture the nature of the actual configuration. Finite element 
analysis was carried out using the finite element code ABAQUS. At each increment a 
post-processing code was used to compute the total moisture content of the entire model 
through integration over all elements. The thermal stress analysis due to cool-down was 
performed as a steady-state heat transfer analysis and constant temperature throughout the 
specimen was assumed. The moisture ingress was studied through a transient analysis. 
No moisture dependent or viscoelastic properties were used. The stresses induced are 
shown in Figure 2.34. The residual stresses induced by the CTE missmatch were initially 
seen to be reduced by the swelling due to the moisture ingress. Then the stresses 
increased as the moisture absorption increased further. 
2.7 Conclusions 
Water has a degrading effect on bulk adhesive specimens. Both the modulus and the 
ultimate strength decrease but the strain to failure might increase. This due to the 
plasticising effect of water. The plasticising effect is generally recovered upon re-drying. 
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The uptake of moisture in adhesives can be characterised by gravimetric experiment and 
the moisture ingress can be modelled with Fick's second law. The diffusion coefficient is 
seen to be relatively unaffected by the relative humidity but the saturation level is seen to 
be a strong function of the relative humidity. The temperature dependence of the 
diffusion follows an Arrenhius type dependence on the temperature. The saturation level 
is however relatively unaffected by the temperature. 
Stress dependent diffusion can be modelled with a free-volume approach where the free-
volume can be related to the volumetric strain. The stress is however not seen to affect 
the uptake rate and the saturation level considerably. 
Some researchers have indicated that there might be a faster ingress of moisture in the 
interfacial region. 
There is some evidence to suggest that residual stress might relax during the ageing as the 
viscoplastic properties of adhesives are enhanced in the presence of moisture. 
Water is seen to degrade the interface strength in bonded joints more than the bulk 
material for many adhesive-substrate systems. The amount of degradation depends on the 
pre-treatment and the aging environment. The rate of degradation depends strongly on the 
temperature and can, in most cases, be related to the higher diffusion coefficient at the 
higher temperature. 
The degradation has been related to the moisture concentration in the joints for most 
predictive work undertaken. Some strength of aged joints was seen to recover upon re-
drying. Stress has been seen to accelerate the degradation of the interface more than the 
diffusion of moisture. The stress dependent degradation can be modelled by relating the 
rate of degradation to the current stress state. A corrosive environment might also 
increase the rate of degradation considerably. 
The strength and the crack propagation within a joint can be modelled with a cohesive 
zone model. This provides a useful way of modelling the progressive damage of 
adhesively bonded joints. 
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Chapter 3 
Bulk adhesive and interfacial fracture properties 
SOME OF THE EXPERIMENTAL WORK IN THIS SECTION HAS BEEN 
UNDERTAKEN BY OTHER RESEARCHERS. THE DATA IS REPORTED AND 
ANALYSED IN THIS SECTION AS IT IS USED IN THE MODELLING WORK 
EMPLOYED BY THE AUTOR. WORK DONE BY OTHERS WILL BE WRITTEN 
WITH ITALICS. 
DR. WoK LOH AT THE UNIVERSITY OF SURREY UNDERTOOK THE 
MOISTURE UPTAKE EXPERIMENTS OF AV1l9 IN SECTION 3.1.1, 
EXPERIMENTS TO DETERMINE THE MOISTURE DEPENDENT 
MECHANICAL PROPERITES IN SECTION 3.1.2. FOR AVJ19, EXPERIMENTS 
TO DETERMINE THE THERMAL AND HYGROSCOPIC EXPANSION FOR 
AV1l19 IN SECTION 3.1.5. AND EXPERIMENTS TO DETERMINE THE 
MOISTURE DEPENDENT INTERFACIAL FRACTURE TEST FOR AV1l9 IN 
SECTION 3.1.6. 
DR. E. GOMERSAL AT THE UNVERSITY OF SURREY DETERMINED THE 
ELASTIC MODULUS OF AV1l9 IN DRY CONDITIONS AT SO"C (SECTION 3.1.2) 
AND THE CREEP TEST AT SO"C IN DRY CONDITONS FOR AV119 (SECTION 
3.1.4.1). 
MR. J.P. SARGENT AT BAE DETERMINED THE UPTAKE CHARACTERISTICS 
(SECTION 3.2.3.1) AND THE SWELLING FOR THE COMPOSITE (3.2.4). 
THE TESILE TEST OF THE ALUMINUM WAS UNDERTAKEN BY MS. Y. HUA 
AT THE UNVERSITY OF SURREY (SECTION 3.2.6.3). 
THE MECANICAL PROPERTIES FOR THE COMPSITE AT RT WAS 
DETERMINED BY MR. T. ACKERMAN AT MBDA (SECTION 3.2.6.4). 
THE MOISTURE AND TEMPERTURE DEPENDENT MECHANICAL 
PROERTIES FOR THE COMPOSITE WERE DETERMINED BY MR. S. 
MILLINGTON AT QINETIQ (SECTION 3.2.6.4). 
In order to be able to predict the strength of a bonded joint, the mechanical properties of 
the adhesive, the substrate and the adhesion have to be characterised. Moisture has both a 
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plasticizing effect on the bulk adhesive (Section 2.1) and a deleterious effect on the 
adhesion strength (Section 2.6). Hence, the properties had to be determined for the range 
of moisture levels that the joints were going to experience during their aging. There were 
a wide range of properties that had to be assessed for the adhesive-substrate system. The 
effect of the bulk adhesive and the adhesion has already been mentioned but an equally 
important property was the rate at which moisture penetrates the adhesive as the moisture 
profile in a joint has to be known in order to be able to predict the long term durability of 
the joint. Other characteristics that define the integrity of the system are the the 
viscoplastic properties and the glass transition temperature of the adhesive and the effect 
of moisture on these. Residual strains were induced in the joint due to the missmatch of 
coefficients of thermal expansion and due to hygroscopic swelling and thus these were 
also determined. 
The adhesive-substrate systems characterised in this chapter are A V119-Steel, EA9321-
Aluminium and FM73-Aluminium. Araldite 2007 (AV119) has been extensively 
investigated at the University of Surrey. Work carried out on AV119 by previous 
researchers and used in this thesis is also summarised in this chapter. The main part of the 
experimental work has been undertaken on EA9321 and FM73. 
3.1 AV119 (with STEEL) 
AVl19 is a one part heat curing rubber toughened epoxy adhesive. The adhesive is cured 
at 1200C for 2 hours. 
The moisture ingress in the adhesive was determined by gravimetric experiments. The 
mechanical properties of the adhesive as a function of moisture content and temperature 
were assessed. The swelling was determined by using a shadow graph. The coefficient of 
thermal expansion (eTE) was determined by means of a bi-material beam. The glass 
transition temperature as a function of the moisture was measured with DMTA (Dynamic 
Mechanical Thermal Analysis). The visoplastic properties for the adhesives at 50°C and 
saturated in water were detennined experimentally. Degraded joints are seen to fail at the 
interface. A notch coating adhesion (NCA) test and MMF (Mixed Mode Flexure) tests 
have been employed to determine the interfacial fracture energies for the adhesive system 
at various levels of moisture concentrations at the interface. These are all discussed in 
more detail below. 
3.1.1 Moisture ingress In bulk adhesive films 
The diffusion parameters for the environments and adhesive in question were obtained by 
gravimetric experiments on dumbell specimens (Figure 3.1). 
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Figure 3.1 Test specimen used for the bulk tests on A V 119 
The anomalous uptake in the thinner bulk specimens (Figure 3.2) was successfully 
simulated by a dual phase model that consisted of two Fickian diffusion uptakes with 
different diffusion coefficients. The uptake at any time is the sum of the two stages. The 
uptake in thicker film specimens was Fickian (Figure 3.3). The diffusion parameters are 
given in Table 3.1. The different response in the cured material was probably due to 
differences in the cured material. 
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Figure 3.2 Experimental and modelling results for the moisture uptake in 0.4 mm thick bulk AVl19 
adhesive specimens (95.8%RH at 50°e) (After Loh 2002) 
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Figure 3.3 Experimental and modelling results for the moisture uptake in 2.0111111 thick bulk A Vl1 9 
adhesive specimens (95.8%RH at 50°C) (After Loll 2002) 
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Table 3.1 DifLusion e.arameters fjr bulk adhesive se.ecimens (Loh, 2002) 
Tllickltess Ellvirolt D stage I (xl 0- D stage 2 (xlo- M stage I (%) Mstage2 (%) 
(111m2 -melt' 14 m11s 2 14 1II11s2 
81 .2% RH 100 2.5 1.35 1.72 
0.4 95 .8%RH 100 2.3 2.21 2.78 
Water 100 1.5 2.45 4.98 
81.2%RH 100 II 1.07 1.99 
0.8 95 .8%RH 100 14 1.50 3.52 
Water 100 5 1.82 5.78 
81.2%RH 38.5 3.96 
2.0 95.8%RH 28.3 5.93 
Water 19.3 9.26 
3.1.2 Moisture and temperature dependent mechanical properties 
The mechanical properties of the adhesive at room temperature were obtained by 
undertaking tensile tests of bulk adhesive dumbell samples (Figure 3. J) aged for 
appropriate times in the artificial environments. The Young's modulus as a function of 
moisture content for the adhesive at room temperature has been published elsewhere 
(Loh, 2002). Gomersal et al (1995) have carried out tensile tests of the adhesive at 50°C. 
Young's modulus at 50°C saturated in water was obtained by undertaking tensile tests of 
saturated specimen in a temperature cabinet. The elastic modulus as a function of 
moisture and temperature is shown in Figure 3.4. 
500 
%~--~--~2 --~3~--~4----~5 --~6~--~--~8 
Moisture content (%I 
Figure 3.4 Elastic modulus oj the A VI J 9 adhesive as a jUllctioll oj moisture (Loh , 2002) content and 
temperature 
3.1 .3 Glass transition temperature 
The glass transition temperature (Tg) for dry A V 119 is ] 13°C according to the 
manufacturer. The glass transition temperature dependence of the moisture content can be 
estimated using the Fox equation according to Browning (1978) 
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1 w(p) w(W) 
-=--+--
Tg Tg (p) Tg (W) 
where w(P) and w(W) are the weight fraction of the polymer and the water respectively. 
This relationship is valid for mixtures of similar types of materials but not for moisture in 
an epoxy adhesive (private communication with R.D. Adams). It has however been used 
by many researchers (Browning, 1978; Brewis et aI., 1980) to estimate the effect of 
moisture on the glass transition temperature. Using a glass transition temperature for H20 
in the range -134 to -138°C (this temperature is only a number and does not represent an 
actual transition in H20) has been shown to give a good prediction of the glass transition 
dependence on the moisture ingress in epoxy adhesives (Brewis et a1. 1980) .The 
predicted glass transition temperature for saturated samples can be seen in Table 3.2. The 
predicted decrease indicates that the reduction should be significant. 
Table 3.2 Predicted glass transition temperature for samples saturated in water by immersion 
Moisture content (%) T.r fOC) 
o 113 
7.43 (0.4 mm thick) 67 
3.1.3.1 Test configuration 
Dynamic mechanical thermal analysis (DMTA) was employed to investigate the effect of 
moisture on the glass transition temperature (Tg). In a DMTA test, the specimen is 
deformed sinusoidally and the corresponding varying force is measured. The specimens 
were clamped at the ends and in the middle (i.e. in dual cantilever mode) and the sample 
was deformed by applying a displacement to the middle clamp i.e. the samples properties 
were investigated through bending. 
Since the material investigated was viscoelastic, the stress will not be in phase with the 
strain. The shift between the stress and the strain is denoted as d. Assuming a linearly 
viscoelastic material, the modulus can be divided into an elastic, E', and a viscous term, 
E". The elastic modulus is referred to as the storage modulus and the viscous modulus is 
referred to as the loss modulus. The relationship between the loss and the storage 
modulus can be expressed as 
E" 
tan8=-EI 
The instrument used for the analysis was a Polymer Laboratories MkII dynamic 
mechanical thermal analyser. The analysis frequency was fixed at 1 Hz. The clamping 
torque was 20 Nm. 
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3.1.3.2 Experimental results 
Dry and saturated samples were tested. The samples were 10 nun wide, 0.4 nun thick and 
the free length was 5 nun. Data were stored every fourth second. 
Table 3.3 The glass transition temperature for dry and saturated by immersion 
COllditioll Glass trallsitioll temperature tc) 
Dry 110 
Saturated 70 
The temperature was ramped at 10K per minute from 25°C to 150°C which is fast 
enough to minimise drying out of the sample. The results are given in Table 3.3. The 
onset point, where the storage modulus starts to fall significantly, is here referred to as Tg 
(there are other definitions of the glass transition temperature). 
In Figure 3.5 the variation of the storage modulus and tan 0 with the ramped temperature 
are plotted for different moisture contents. The first dip for the dry samples was probably 
due to an experimental anomaly, although the strength was recovered and the transition 
for the dry sample was at around 110°C. The storage modulus then decreased 
significantly and at around 140°C the sample became too flexible for the instrument to 
acquire any further data and the analysis was curtailed. For the wet samples the onset 
point was not as pronounced as for the dry sample, presumably due to the effect of 
plasticisation, but there was a significant decrease in storage modulus at around 70°C for 
the saturated samples. The transitions seen in the storage modulus plot are reflected in the 
tan 0 graph. A dip in the storage modulus is seen as an increase in the tan 8 and the same 
characteristics are also seen for an increase in storage modulus. 
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Figure 3.5 Storage modulus and tan Ii versus temperature for A VI 19 
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3.1.4 Time dependent material properties 
Strain is induced in heat curing adhesively bonded joints due to the thermal mismatch on 
cooling and also due to moisture swelling on exposure to the ageing environment. Creep 
and stress relaxation tests were carried out in order to be able to model the evolution of 
the residual stresses during the exposure period. 
3.1.4.1 Creep tests 
The creep tests were carried out on the same configuration of dumbell adhesive film 
specimens used in the tensile testing. The samples were aged in water at an elevated 
temperature of 50°C. Creep tests were undertaken on saturated samples of bulk adhesive. 
Creep testing was undertaken at three stress levels. For each level two samples were 
tested. These stress levels were derived from a preliminary analysis of the residual 
stresses in the adhesive joints. After ageing the specimens were wrapped with saturated 
cotton wool and a thin plastic film to retain the moisture. The wrapped specimen was 
then placed in a pre-heated temperature cabinet on the testing machine and an 
extenso meter was used to measure the strain, see Figure 3.6. The specimen was then 
loaded in tension at Immlmin until the creep load was reached. The load was then held 
constant. The cotton wool was seen to become drier after a few hours and the test was 
stopped. The specimens did not fuil within the testing time at the stress levels considered. 
Figure 3.6 Wrapped creep specimen in temperatw"e cabinet on the INSTRON testing (A Vl19) 
The results from the creep testing are shown in Figure 3.7. It is seen that a large amount 
of creep takes place within hours at the stress levels considered. 
The creep data were fitted to a power law given in equation (3 .1): 
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~ A n m 8 creep = q t (3 .1) 
where q is equivalent stress, t the time and A, nand m are constants. This relation gave a 
better fit to the experimental data than secondary creep laws and is also available in 
ABAQUS. The best fit parameters are shown in Table 3.4. Creep tests of dry bulk 
adhesive have been undertaken at 50°C by Gomersal et aT. (J 995). The power law (3 .]) 
parameters fitted to the creep data for the dry adhesive are presented in Table 3.5. The 
creep of the wet and dry adhesive bulk specimens at 50°C are compared in Figure 3.7. It 
can be seen that at low stresses the creep strains in the dry specimens would be negligible. 
Table 3.4 Creep parameter for the adhesive saturated in water at 50°C (Force (N), length (mm), time (s» 
A n m 
6.356IxI006 1.9 -0.35 
Table 3.5 Creep parameter for the dry adhesive at 500C (force (N), length (mm), time (s)) (Gomersa/ et al. 
(1995) 
A n m 
2.1044x lO-1i 2.5 -0.4 
0.09 
~;.=.~~~~~~~~:=~ 
.... . 
100 200 300 400 500 600 700 100 900 1000 1100 
TI .... (minute) 
Figure 3.7 Creep test results for dry and wet samples at various stress levels at 50ec CAYI 19) 
3.1.4.2 Stress relaxation 
Stress relaxation tests were carried out in a similar manner, on specimens saturated in 
water at 50°C, again wrapped in saturated cotton wool. The tests were loaded at the same 
rate to 10 and 6 MFa at 50°C. On reaching this stress the strain was held constant and the 
stress decay was measured with time. In Figure 3.8 it can be seen that the stress 
relaxation was fairly rapid for these high moisture contents. Further, it was similar for 
both levels of stress. 
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Figure 3.8 Stress relaxation test results at 50°C (A V11 9) 
3.1.5 Thermal and hygroscopic expansion 
The coefficient of thermal expansion (CTE) was determined by means of a bi-material 
beam, conSisting of a thick layer of adhesive cast on a thin steel strip. The measured 
variation of the strip curvature with temperature can be used to find the CTE. The 
swelling was assessed by measuring the increase of a given gauge length of a thin film of 
bulk adhesive for various absorbed levels of moisture. The coefficients are given in Table 
3.6 
The combined effect of thermal and swelling expansion was investigated by means of a 
bi-material beam aged at 95.8%RH and 50°C. The beam was removed periodically from 
the environment and the deflection was measured with a LVDT (linear variable 
differential transformer). One would expect the initial curvature caused by the thermal 
stresses to be reduced as moisture was absorbed, this can be seen in Figure 3.9 (Loh 
2002). 
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Figure 3.9 Deflection of the bi-material beam (Sl'EEL-AVI 1 9) versus time in a moist environment (95.8%) 
al RT (Loh (2002)) 
3.1 .6 Moisture dependent interfacial fracture test 
Two specimens have been used to measure the degradation of the adhesive-substrate 
interface with increasing moisture concentration. A mixed mode flexure (A1MF) test 
(Figure 3.10) and a notched coating adhesion test (NCA) (Figure 3.11) were tested dry 
and for various levels of interfacial moisture concentration. 
'-----
'_----- 100".. 
Figure 3.10 MMF configuration {From Loh (2002)) 
A 
Figure 3.11 NCA configurotion {From Loh (2002)) 
The first step in the manufacturing process was the same for the two joint configurations. 
A steel substrate was coated with an adhesive layer and the lay up was then placed in an 
ageing environment for an appropriate time. After ageing a notch was introduced in the 
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coating for the NCA specimen and the sample was tested in tension. The strain at which 
the coating started to de bond was recorded. For the MMF configuration, a second 
substrate was bonded onto the exposed surface. The MMF specimen was then tested in 
three point bending, and the load, displacement and crack length were recorded. These 
'open faced 'joint configurations were chosen because the diffusion path is much shorter 
than in a closed single lap shear joint and the ageing time was thus reduced. Also, the 
entire interface experienced the same moisture concentration. 
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Figure 3.12 MMF (STEEL-A Vl19) experimental results (After Loh, 2002) 
The test results for various interfaCial moisture concentrations are given in Figure 3.12 
and 3. J 3 for the MMF and the NCA respectively. The interfacial strength were seen to 
degrade proportionally with the amount of moisture at the interface (and not with time). 
The joint manufacturing, ageing, test set-up and experimental results are described in 
more detail by Loh (2002). 
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Figure 3.13 The de-bond strain o/the coatingfor the NCA (STEEL-AV119) at various moisture 
concentrations (After Loh, 2002) 
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3.2 EA9321 and FM73 (with ALUMINIUM AND IM7/8&&2) 
FM73 (Cytec, 2004) is a rubber toughened, heat setting, film adhesive with a carrier cloth 
and EA9321 (Loctite, 2004) is a cold setting, two part, paste adhesive. The knit polyester 
carrier was assumed to affect the material properties the same in all directions. The 
polyester knit may absorb a considerably amount of moisture (private communication 
with RD. Adams), this is however not of a great concern when predicting the durability, 
as the actual moisture concentration is not of interest. The measured overall levels (and 
predicted) are related to the interfacial strength and the reduction of the material 
properties in the models and not to the actual concentration in the epoxy. The aluminium 
used is a high strength aerospace alloy (7075 T6). The composite is a carbon fibre (6()01o 
volume fraction) reinforced epoxy (lM7/S552) with a maximum service temperature of 
1200C (Hexel, 2004) 
To minimise the voids in the bulk adhesive samples the manuta.cturiog methods had to be 
refined. The diffusion process was determined by gravimetric experiments. Moisture 
dependent mechanical properties were assessed by tensile tests at various moisture levels. 
Swelling was detennined by measurement of the expansion of a bulk sample at various 
moisture contents. The thermal expansion for FM73 was assessed by use of a bi-material 
beam. 
Various interfit.cial fracture tests have been carried out to determine the moisture 
dependent strength. 
Although only joints with FM73 were modelled in this research, joints made with 
EA9321 were modelled by other researchers and the data generated in this section was 
used in that modelling work 
3.2.1 Bulk adhesive and composite manufacturing 
The adhesives used needed to be degassed prior to cure to avoid voids in the samples. 
Several methods were assessed and it was found that quite different methods were 
required for the two adhesives in question. 
3.2.1.1 FM73 
The FM73 film adhesive is yellowish with a nominal thickness of O.IS mm. The adhesive 
contains a knitted polyester carrier. The carrier enables the film to be handled, cut to 
shape and laid up easily. 
To manufilcture a cured adhesive film of 0.5 mm thickness, 4 layers were stacked 
together. The compound was placed between two release films and squeezed together 
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with a press. The adhesive was then cured at 120°C for 60 minutes as suggested by the 
manufacturer. The cured specimens contained many voids and several other approaches 
were therefore investigated in order to get void-free bulk samples. 
The temperature (Tf) at which the adhesive resin becomes fluid as it passes from semi-
rigid consistency at room temperature to a rigid material after curing was assessed. The Tf 
temperature was assessed by heating the adhesive and stirring it with a thin glass rod and 
found to be around 90°C. 
Closed vacuum release technique 
A vacuum release technique was then employed. The adhesive films were placed between 
the two glass plates. The adhesive was placed in a vacuum oven and the vacuum was 
released after approximately 10 minutes at 90°C. The adhesive was then cured as above 
at 120°C. A weight was placed on top of the glass plate. The technique was employed 
with and without spacers. It was seen that the adhesive did flow and that spacers were 
needed to control the thickness. However, the amount of voids was however not reduced 
sufficiently. 
Open vacuum release technique 
Lucas et al. (2004) have undertaken an open vacuum release technique to remove voids 
from samples manufactured from bismaleimide resin with successful results. This open 
vacuum release technique was hence employed to manufacture FM73 bulk specimens. 
One of the release films was removed before degassing and the adhesive was placed on a 
glass plate and heated and degassed in vacuum at 80-90°C for approximately 10 minutes. 
It was found that the best result was obtained through cycling the above technique 
various times. The adhesive was then cured as above. Spacers were needed to control the 
thickness. The amount of voids was reduced considerably. The open vacuum release 
technique was seen to be the most versatile and was therefore used to manufacture the 
FM73 bulk samples. After curing the film was cut to a dumbbell shape using a CNC 
machine. The bulk sample is seen in Figure 3.14. 
Figure 3.14 FM73 bulk specimen (width Smm, gauge length 30 mm) 
3.2.1.2 EA9321 
EA9321 is a two part cold setting adhesive. The color of the cured adhesive is greyish. 
When mixing the adhesive, a lot of air was trapped in the paste. Degassing the samples at 
room temperature did not reduce the amount of voids sufficiently. 
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Mixing in vacuum technique 
Stirring the mixed paste under vacuum and physically breaking the bubbles and releasing 
the trapped air were seen to be very versatile (Figure 3.15). After the trapped air had been 
removed the paste was placed between two release films and glass plates. 
Figure 3.15 Equipment used for the mixing vacuum technique 
The thickness was controlled with spacers. A weight was placed on top of the assembly 
and the adhesive was allowed to cure at 25°C for 7 days. This approach was used to 
manufacture the specimens (Figure 3.16). 
Figure 3.16 EA9321 bulk specimen (thickness 0.5 mm, width 51IJ.ITl, gauge length 30 mrn) 
3.2.13 IM7/8552 
The composite was received as 0.125 mm thick prepegfrom the manufacturer and laid up 
and cured in an autoclave following the schedule shown in Figure 3.17. The work was 
undertaken by QinetiQ. Substrates were then cut to size from the cured films. 
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Figure 3.17 The cure cycle/or the composite (From Hexcel. 2004) 
3.2.2 Artificial aging environments 
The joints and the adhesives were aged in an artificial ageing environment. Aging in an 
artificial environment gives an accelerated diffusion process and the environment can be 
controlled. 
Table 3.7 Artificial ageing environments 
Salt TempLC) Relative humidity (%) 
79.5 
95.8 
Immersion 
The environment was obtained by aging the samples in a sealed container over de-ionised 
water saturated with an appropriate salt (ASTM E 104). The environment was also 
checked with a hydrometer. The temperatures and salt used in this research can be viewed 
in Table 3.7. 
3.2.3 Moisture uptake in bulk specimens 
Dumbell specimens of thickness 0.5 mm of both adhesives were used to undertake 
gravimetric experiments to determine the characteristics of the moisture ingress in the 
adhesives. The total length of the specimens was 65 mm. The gauge length was 30 mm 
and the width was 5 mm. The specimens were removed periodically from the moisture 
environments and weighed with a Mettler 5 analytical microbalance. Dumbell specimens 
were used for the uptake tests so that they could be used for subsequent tensile tests. 
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A gravimetric experiment on the primer paint which was used on the edges on the ' open 
faced' specimen to avoid electrochemical degradation was also undertaken. BAE carried 
out moisture uptake measurements of the composite (1M7/S552). The composite samples 
were cut so that the diffusion process could be assumed quasi one-dimensional in the 
direction either transverse or parallel to the fibres . 
3.2.3.1 Equilibrium moisture uptake 
The equilibrium moisture content was found to be a strong function of the relative 
humidity for the two adhesives, the composite and the primer paint (Table 3.7). The 
weight of the primer paint was seen to decrease in the SOo/oRR environment (Figure 3 .18). 
20 
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Figure 3.18 Moisture uptake in primer paint (0.3 mm thick samples) 
This is probably due to leaching or further drying due to the high temperature. The 
saturation levels for FM73 are consistent with experimental results found in the literature 
(Althof, 1979; Jurfand Vinson (1985». 
Table 3.7 Equiljbrium moisture content 
Adhesive Relative humidity (%) 
FM73 Immersion 
FM73 95 .8 
FM73 79.5 
EA9321 95.8 
EA9321 79.5 
lM718552* 95.8 
lM7/8552* 79.5 
Primer paint Water 
Primer paint 95.8 
Primer paint 79.5 
*from J.P. Sargent 
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Temperature C9 
50 
50 
70 
50 
70 
50 
70 
50 
50 
70 
Saturation content (%) 
3.5 
2.2 
1.2 
3.8 
2.1 
1.0 
0.8 
>29 
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3.2.3.2 Fiekian diffusion 
The differential equation of diftUsion in a medium can be written as follows 
where c is the concentration and F the flux through a point. 
Fick recognised the analogy between the transfer of heat by conduction and the diffusion 
process. The equation of diffusion in an isotropic material is therefore based on the 
hypothesis that the flux of diffusing substance is proportional to the concentration 
gradient, i.e. 
where D is the diffusion coefficient 
Oc F: =-D-
I Oi 
Assuming a constant diffusion coefficient the equation reduces to 
(3.2) 
in I-dimension. The equation of diffusion seen above is equivalent to the heat conduction 
equation. 
Crank (1975) has solved equation (3.2) analytically for an infinite plane sheet with 
dimensions -1S7C~ I. Assuming that the concentration is initially zero throughout the plane 
and that the surf8ce concentrations are equal and instantaneously saturated the solution 
can be obtained as follows 
c 4 GO ( 1)" fIX 
_t = l--L---exp{-D(2n +1)2n2t / 412}cos(2n + 1)-
c co n n=O 2n + 1 21 
(3.3) 
where c denotes the concentration, m the amount of diffusing substance and the subscript 
t and 00 represents the condition at the time of interest and at saturation respectively. 
The diffusion in the bulk specimens could be approximated to be one dimensional as the 
samples were much wider than thick. The experimental data can thus be fitted to equation 
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(3 .3) and the coefficient of diffusion determined. A Gauss-Newton, numerical iterative 
method, was used to optimise the fit between the experimental data and the equation. The 
optimal solution to the experimental data is shown in Figure 3.19 and 3.20 . 
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Figure 3.19 Moisture uptakes in FM73 for 0.5 mm thick samples 
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Figure 3.20 Moisture uptakes in EA932J for 0.5 mm thick ampJes 
The diffusion coefficients at different relative humidities and temperatures can be found 
in Table 3.8. 
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Table 3.8 Fickian diffusion coefficients 
Adbesive Relative bumidity (%) 
FM73 Immersion 
FM73 95.8 
FM73 79.5 
EA9321 95.8 
EA932 1 79.5 
IM718552 * 95.8 
IM718552 * 95.8 
IM718552* 79.5 
IM718552 * 79.5 
*from J.P . Sargent 
Temperature eg 
50 
50 
70 
50 
70 
50 
50 
70 
70 
Diffusion coeffkent (10.14 ml/s) 
52.2 
50.2 
790.0 
29.1 
70.4 
20 (transverse to the fibres) 
70 (paral/elto the fibres) 
50 (transverse to the fibres) 
140 (parallel to the fibres) 
The diffusion coefficients found were in general agreement with results for epoxy 
adhesives found in the literature. The diffusion coefficients dependence of the 
temperature can be described by the Arrenhius equation (Bao and Yee, 2002) 
D = Do exp(-ED / RT) 
where ED is the activation energy and R the molar gas constant. From the Arrenhius 
equation it can be seen that the diffusion coefficient depends exponentially on the 
temperature. The diffusion coefficients found are seen to be a strong function of the 
temperature as expected. 
The uptake of moisture for various thicknesses in the 80%RH environments can be seen 
in Figure 3.2l. The rate of uptake was found to be very similar for the three different 
thicknesses as were the saturation levels. 
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Figure 3.21 Moisture uptakes in FM73 at 79.5%RH Ii r different thickness specimen (M., (0.4 mm , 0 .8 
rrun) = 1.2%, M. (2 .7 mm) = 1.5%) 
3.2.4 Swelling due to moisture uptake 
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Moisture ingress causes the adhesive to swell. Swelling in bonded joints induces residual 
stresses. The residual stresses may reduce the durability of the joint. 
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Figure 3.22 Swell.ing due to moisture uptake 
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The swelling has been assumed to be isotropic and the swelling were therefore deduced 
by measuring the expansion of a dumbell specimen with a shadow graph (Mitutoyo 
Profile Projector PJ 300). The samples were removed periodically from the ageing 
environment, weighed and the length of the specimens measured. The 95.8%RH 
environment was used as the diffusion process was slower and the equilibrium moisture 
content higher than in the 800/ORH environment. The swelling due to moisture ingress in 
the adhesives can be seen in Figure 3.22. 
The swelling was seen to be proportional to the moisture content. The coefficients of 
hygroscopic expansion (CHE) are presented in Table 3.9. 
Table 3.9 Coefficient of hygroscopic expansion 
Adhesive 
FM73 
EA9321 
IM7/8552 (parallel)· 
lM7/8552 (Iransverse)* 
*:from J.P. Sargent 
3.2.5 Thermal expansion 
0.0021 
0.0024 
0.0 
0.0046 
The coefficient of thermal expansion of FM73 has been determined by means of a bi-
material beam (Figure 3.23 and 3.24)' 
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~~:: r!+-I--------Adh::..:..:tees;,,;:.:.eli-ve ---------il :~ 
120mm 
Figure 3.23 Bi-material beam configuration and dimension ( TEEL-FM73) 
Figu re 3.24 Bi-material beam at RT ( TEEL-FM73) 
The substrate was a steel sheet with a coefficient of thermal expansion of 1.15 x 1 0·51K. 
The stress free temperature (SF7) is the temperature below which residual stresses are 
induced in a bi-material assembly when cooled down from the curing temperature. For a 
system where T g> T cure the SFT is approximately equal to T cure (Bair et aI. , 1990). For a 
system that is cured above Tg, the curing temperature does not necessarily coincide with 
SFT. On cooling down from the curing temperature no residual stresses are induced until 
below the Tg due to stress relaxation and the stress free temperature has been found to 
coincide with Tg for various systems (Kuczynski and Sinha, 2001 ; Case et aI. , 2005). The 
stress free temperature was determined by heating the beam and measuring the deflection 
with an LVDT (Linear Variable Differential Transducer) simultaneously. When then 
temperature is cooled below the SFT the materials in the bi-material want to contract by 
different amount and forces are induced as shown in Figure 3.23 due to the mismatch of 
thermal expansions. The forces have to be of equal and opposite sign. The forces results 
in bending moments and the beam curves. A relationship between the eTE of the 
adhesive, the deflection and the temperature difference between the SFT and the 
temperature at which the curvature is measured can be derived by using Timoshenko 's 
beam theory and using the condition that the strains in both materials have to be equal at 
the interface. This relationship was used to determine the eTE (Yu et ai, 2003). 
281(3(1 + m) 2 + (1 + mn)(m 2 + 11 mn» 
a adhesrve = a steel - 6~T(1 + m) 2 L2 
where h is the total thickness of the beam, {) the deflection from the stress free deflection, 
m=hadhcsivclhsteel, n = EadhcsivciEslcel, LlT= T-SFF and L the half the length of the beam. 
The stress free state of the bi-material beam did not occur when the deflection was zero 
(Figure 3.25). This could only be because the steel sheet was bent initially (before the 
adhesive was applied). The glass transition temperature is about 100°C for FM73 (Jurf, 
1988; Ashcroft and Zheng, 2005). Above the Tg the modulus ratio n 0 and so does the 
curvature if the steel sheet was initial1y flat. However this does not affect the calculation 
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of the CTE. The deflection to determine the CTE was obtained by using the total 
deflection. The variation of deflection with temperature can be seen in Figure 3.25 . 
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Figure 3.25 The variation of deflection with temperature for the bi-material beam (FM73) 
The coefficient of thermal expansion at the aging temperatures can be seen inTable 3.10. 
The CTE was seen to be fairly constant within the range that the adhesive was exposed to 
during the aging and the testing. 
Table 3.10 em for FM73 
TeC) LITre) 
20 80 
50 50 
70 30 
Deflection (mm) 
11 .81 
7.56 
4.22 
E(MPa) 
2000 
1650 
1450 
7.8x lO-S 
8.0x ]0-5 
7.86 x 10-5 
The coefficient of thermal expansion for the composite has been determined by Kruger et 
al. (2001») as seen in Table 3.11. 
A standard value of the coefficient of thermal expansion for the aluminium of 2.36x 10-5 
was used. 
3.2.6 Mechanical properties 
The mechanical properties of the adhesives and substrates are given in the section below. 
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3.2.6.1 Moisture dependent mechanical p"operties for the adhesives 
Moisture has a degrading effect on adhesives. The ingress of water reduces the elastic 
modulus (E) and the cohesive strength of the adhesives. Moisture has a similar effect on 
adhesives as an elevated temperature. The plasticising effect may enhance the ductility 
and may thus increase strain to failure. 
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Figure 3.26 Stress-strain cw-ves for FM73 
A more ductile adhesive may result in a more even distribution of the stresses along the 
overlap and the joint strength may increase. Tensile tests have been carried out on dry 
specimens and on specimens saturated in the two aging environments. The tests were 
undertaken at room temperature on an Instron testing machine. The strain was measured 
with an extensometer. The stress-strain curves obtained can be seen in Figure 3.26 and 
3.27. The elastic modulus was determined from the linear part of the stress strain curve 
(Table 3.12). The ultimate tensile strengths (UTS) as a function of moisture are given in 
Table 3.12. The cross-head speed was 1 mrnImin. 
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Figure 3.27 Stress-strain curves for EA932 1 
Table 3.12 Moisture dependent mechanical properties at RT 
Adhesive Environment Moisture content (%) E (MPa) 
FM73 Dry 0.0 2000 
FM73 8()01oRH!7O"C 1.1 1700 
FM73 96%RHI50"C 2.2 1500 
EA932 1 Dry 0.0 2900 
EA932 I 80%RHI7O"C 2.2 2500 
EA932 I 96%RHI50"C 3.9 2500 
GutJ (MFa) 
45 
42 
38 
53 
48 
EA9321 is stiffer but absorbs more moisture than FM73 . However, the cohesive strength 
ofFM73 seems to be more sensitive to moisture than EA921 . 
3.2.6.2 Creep properties for FM73 at various moisture levels 
Loaded adhesives exhibit time dependent deformation. In order to be able to include this 
behaviour in the models, creep tests were carried out. The creep tests were undertaken at 
50°C as the samples were aged for long periods of time at this temperature. The 
subsequent testing at RT was fast and there would not have been any significant amount 
of time dependent effects. The bulk samples were about I mm thick and otherwise the 
same shape as the bulk samples described in section 3.2.3. The conditioned samples were 
aged to saturation before testing. Upon testing the samples were wrapped in soaked 
cotton wool and in a plastic film to inhibit them from drying out in the temperature 
cabinet on the testing machine. The results from the creep tests are seen in Figure 3.28. 
The best fit parameters to the power law (equation 3.1) can be viewed in Table 3.13. 
Table 3.13 Creep parameters at 50"C (force (N), length (rum), time (s» (time (s), stress (MPa» 
Condition A n In 
Dry 6.5458x 10-11 4.75 -0.6 
96%RH 1.3493 x 10-10 4.75 -0.5 
Immersion 1.5848x l 0-10 4.75 -0.5 
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Figure 3.28 Creep tests for FM73 at 50"C for variou moisture levels 
The creep properties for the dry adhesive was of the same order of magnitude as for 
AVl19 but the creep is much lower than for A Vl19 under wet conditions. 
3.2.6.3 Mechanical propel-ties rOl' the aluminium 
Tensile tests of the aluminium alloy used have been undertaken at the University of 
Surrey (Hua, 2004) and is shown in Figure 3.29. 
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Figure 3.29 Tensile test of aluminiulII (7075-T6) specimens (After Hua (2004)) 
Additional 3-point bending tests have been carried out by the author and the results for 
the elastic modulus were consistent and was found to be 68400 MFa (Figure 3.30). The 
Poisson 's ratio was assumed to be 0.33 . The beam was 3.175 mm thick, 12.7 mm wide 
and the distance between the supports was 80 mm. 
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Figure 3.30 Three point bending of aluminium (707S-T6) beam 
3.2.6.4 Moisture dependent mechanical propel-ties for the composite 
The mechanical properties of the composite at RT have been determined by MBDA 
Missiles Company (tensile tests). The properties at an elevated temperature and exposed 
to moisture for various moisture levels has been determined by QineliQ (tensile tests). 
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The results can be seen in Figure 3.31, 3.32 and 3.33. The results are seen to be fairly 
unaffected by moisture and temperature. 
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Figure 3.31 Elastic modulus 0/IM718582 parollel to thefiberdirection {E,J at various temperatures 
(After QinetiQ) 
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Figure 3.32 Elastic modulus 0/IM718582 transverse to the fiber direction {En. E,JJ at various 
temperatures (After QinetiQ) 
The remainder of the mechanical properties used were as found by Schon et al (2000) 
(I'able 3. J 4). 
Table 3.14 MechanicaL properties for the composite (Schon et af (2000)) 
32 0.31 052 
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Thefracture energy of the composite as afonction ofmode mixity has been detennined by 
Krueger et al (2003). The fracture energy was as expected much lower in mode I then in 
mode IT as seen in Figure 3.34. 
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Figure 3.33 Shear modulus (GI1• G IJJ of 1M7. 582 at variolls temperatures (After QinetiQ) 
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Figure 3.34 Fracture energy as a fimctiol1 of mode mixity for the composite 1M7/8552 (From Kl7Jeger et al. 
2003) 
3.2.7 Glass transition temperature for EA9321 , FM73 and IM7/8552 
The glass transition temperature (Fg) for EA9321 is 110tt; and 88° under dry and wet 
(JOO%RH) conditions respectively (Hysol, 2004). For FM73 the transition temperature is 
99 <-(' and 80<-(' for dry and after saturation in 95%RH (Juif, 1988) respectively. The 
composite has a high transition temperature of 200<-(' and 1540(; under dry and wet 
(J OO%RH) conditions respectively (Hexce/, 2004). 
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3.2.8 Moisture dependent interfacial fracture tests 
Moisture may degrade the adhesive (inter&cial) strength more than the cohesive strength 
of the adhesive. Hence, to be able to predict the durability of the joint, the interfacial 
strength for various interfacial moisture levels has to be measured. Initially various test 
configurations were assessed to find the optimum one. All specimens considered were 
'open-meed' during the ageing. This gives a shorter ageing time and a unifonn moisture 
distribution along the interface. 
The interfacial strength is however not solely dependent on the adhesive system but the 
pre-treatments are very important especially in moist environments. The pre-treatment 
used in all this work was cromic acid etch. 
3.2.8.1 Acid etch 
The aim of pre-treatments is to degrease and provide a specific surface topology to 
enhance the dumbility of the adhesion. The surfaces to be bonded were degreased by 
ultrasonic agitation in acetone. Cleaning using this method has been shown to be very 
efficient (Castle and Watts, 1981). 
After the degreasing the substrates were allowed to dry and were then submerged in an 
acid etch solution (fable 3.15) for 30 minutes at 60°C as described in Def Stan 03-2, 
Issue 3. 
Table 3.1S Acid etch solution 
Chromic acid (Cr03) 
Sulphuric acid (H2SO4) 
Chloride (NaCl) 
Aluminium (AI) 
Copper 
Iron 
Water 
so 
250 
0.2 
10 
0.5 
O.S 
Remainder 
After the etching the surfaces were rinsed and dried in an oven before bonding. 
3.2.8.2 Assessment or secondary bond adhesive 
There are various advantages with an 'open faced' specimen but the major disadvantage 
is that the assembly has to be secondary bonded after it has been exposed. The bonded 
specimen has to be cured in the controlled environment for the shortest time possible to 
avoid distortion of the moisture profile. A low temperature curing adhesive has to be used 
in order to obtain full cure. 
Single lap joints were tested to assess the secondary bond adhesive and the curing time 
necessary. The results can be seen in Figure 3.35. Reference samples cured at the 
recommended curing cycle by the manufacturer were carried out to compare the results 
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with specimen cured in the 96%RHl50°C environment. The samples were seen to fully 
cure after a shorter curing time at the elevated temperature and were not affected by the 
high relative humidity (for this short times). 
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Figure 3.35 Assessment of the secondary bond adhesive 
It can be seen that the EA9321 adhesive gave the best performance and was thus used as 
the secondary bond adhesive. The shear strength for the EA9321 joints was of the same 
magnitude as the dry single lap joints bonded with FM73 as seen in Section 4.1. 
3.2.8.3 Notch coating adhesion test 
A NCA specimen is a coated substrate. The specimen is loaded in tension and the strain 
when the adhesive layer de-bonds is recorded. 
The fracture energy is independent of crack length and can be derived as follows for 
plane stress (Dillard et aI., 1999): 
G hEad 2 =----X6 
2 
The closed form expression is consistent with results from FEA modelling. Results can 
only be obtained if the coating de-bonds before the substrate fails or crazing or cracking 
occur in the adhesive. Thus, the thickness of the coating has to be chosen to give the 
desired properties. This configuration will only work for a limited range of fracture 
toughness values. 
The substrate is pre-treated and then coated. After the adhesive has cured, the edges were 
coated with primer paint to avoid corrosion failure and then the specimens were placed in 
the ageing environments. The specimens were aged to saturation and then finally tested. 
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Various problems were encountered; the substrate failed before the coating debonded and 
crazing and cracking occurred in the adhesive layer. 
During test the specimen was recorded with a video camera to determine when the 
coating de-bonded. It was however difficult to determine when the coating de-bonded 
(Figure 3.36a and b). Another technique tested was to monitor the notched edge with a 
video microscope (Figure 3.37a and b). 
a) ...... _ _ --'_ b) 
Figure 3.36 NCA test monitoring a) Video : Initial pre-crack b) Video: De-bond 
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Figure 3.37 NCA test monitoring a) Microscope: Initial pre-crack b) Microscope: De-bond 
This appeared to be the most useful method. It was also difficult to produce a repeatable 
notch. The failure strain depends strongly on the shape of the notch. For dry specimens 
crazing and cracking occurred in the adhesive film prior to de-bonding. Accurate results 
could thus only be obtained for specimens with a PTFE pre-crack and saturated in water. 
The results can be seen in Table 3.16. 
Table 3.16 NCA results for immersion in water (FM73) 
Coating thickness (mm) Repeats 
3.1±O.6 O.6I±O.06 4 
Debonding strain (%) 
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3.2.8.4 Split beam 
Another test that was used to determine the interfacial strength is the split beam specimen. 
A substrate was coated as for the NCA and the left to age. After the ageing the second 
substrates were then bonded (using D490 and left in the aging environment to cure for 
four days) onto the coating and the specimen were tested in four point bending using 
DP490(Figure 3.38). 
... ThIn tim ltd 
Figure 3.38 Split beam specimen (From Hughey et 81. (2004)) 
The strain energy release rate is also independent of the crack length for this specimen. 
Charalambides (1989) has derived the following expression: 
where 
The fracture toughness can thus be determined using a drop in the load-displacement 
curve to identify the load (and hence moment) at crack propagation. 
This specimen has the potential to measure higher interfacial fracture toughness before 
substrate failure than the NCA configuration. The secondary bond was however not 
strong enough for most specimens and the joint failed before the degraded primary bond. 
A few specimens aged at 95.8% did however fail at the aged interface. The magnitude of 
the scatter of the results were however not acceptable. 
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The crack propagation through a split-beam specimen can be seen in Figure 3.39. 
Figure 3.39 plit beam crack growth 
3.2.8.5 Mixed mode flexure 
The advantage of the tests above mentioned is that the fracture energy is independent of 
the crack length. This reduces the amount of parameters to be measured. The NCA test 
did however not work for higher fracture energies and the scatter in the result from the 
split beam configuration was too high. A mixed mode flexure specimen was thus used to 
obtain the interfacial fracture energy. A schematic figure of the test specimen is depicted 
in Figure 3.40. For the un-aged specimens the joint was assembled and cured in one step. 
3.175 
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Figure 3.40 MMF geometry and dimension (wid th 12.7 mm) 
For all specimens a PTFE film was used to form the pre-crack. For the aged specimens 
the coated substrate was exposed to the environment and left to saturate as for the NCA 
specimen. After exposure the specimen was removed from the environment, abraded and 
cleaned with acetone. The secondary bond adhesive (EA9321) was then applied and the 
assembly was allowed to cure in the aging environments for 6 days. After curing the 
specimen was removed from the environment and the excessive adhesive on the sides 
were removed to facilitate the monitoring of the crack growth and the specimen was then 
tested at room temperature. 
The specimen was supported by rollers and loaded in displacement control at 0.05 
mm/min (Figure 3.41a and b). On initial detection of crack growth the machine was 
stopped and the crack length was measured using of a video microscope attached to the 
testing machine. The specimen was then loaded again and stopped upon subsequent crack 
growth and the crack length was measured. This was repeated until the crack had grown 
to the mid span. The results can be seen in Figures 3.42-3 .46. The failure load was higher 
for all levels of moisture for FM73 then for EA9321. The fractional reduction in fuilure 
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load for the different environment was however larger for FM73 than for EA9321 . The 
initial failure loads for the different environments are given in Figure 3.44. 
a) _ ___ _ 
b) 
Figure 3.41 a) Mixed mode flexure test set up b) The crack growth in a MMF specimen 
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Figure 3.42 MMF results for the FM73 specimen Ooad-displacement) 
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Figure 3A3 MMF results for the FM73 specimen (load-crack length) 
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Figure 3.44 Initial failure load for the MMF joints bonded with FM73 
The specimens bonded with EA9321 were saturated after about 1 month. The samples 
were tested after aging at 2 and 7 months to investigate if there was any time dependence. 
It was seen that the degradation was only due to moisture and not to the time aged as the 
specimens aged in the same environments for different amount of time beyond 
equilibrium gave the same failure loads (Figure 3.45, 3.46 and 3.47). 
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Figure 3.45 MMF results for the EA9321 specimen (load-displacement) 
There was much more fibril bridging in the FM73 than in the EA9321 joint (Figure 3.48). 
This indicates a much more ductile failure which implies more dissipation of energy upon 
fracture which may explain the higher failure load (Figure 3.42 and 3.43). The mode of 
failure and the degradation mechanisms for the joints will be discussed further in Chapter 
4 for FM73 . The failure surfaces for the EA9321 joints are seen in Figure 3.49. For the 
dry joint the failure was mainly cohesive and for the wet joints the failure mode was 
apparent interfacial. 
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Figu re 3.46 MMF results for the EA9321 specimen (load-crack length) 
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Figure 3.47 Initial faiJure load for the MMF joints bonded with EA9321 
a) b) 
Figure 3.48 a) FaiJure through dry EA9321 (video microscope) b) Failure through dry FM73 (video 
microscope) 
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Figure 3.49 Failure surfaces for the EA9321 joint a) un-aged b) 80% c) %%RH 
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3.3 Conclusions 
The excessive amount of voids in the bulk adhesive samples was removed successfully 
with different out-gassing techniques. 
The ingress of moisture in the adhesives and the composite was detennined successfully 
with gravimetric experiments. The uptake rate was seen to be strongly dependent on the 
temperature but essentially unaffected by the moisture saturation level. The saturation 
level increases, as expected with relative humidity for all bulk specimens. 
The coefficient of thennal expansion was detennined by useing a bi-material beam and 
found to be of the same order of magnitude for AVl19 and FM73. The hygroscopic 
swelling (CHE) was detennined by measurement of the increase of a given gauge length 
of a thin film of bulk adhesive for various absorbed levels of moisture. The CHEs were 
also found to be of the same order of magnitude for all three adhesives. 
AVl19 absorbed much more moisture than FM73 and exhibited a more viscoplastic 
response in the presence of water. The adhesives were seen to be plasticised by the 
moisture but the composite was filirly unaffected by moisture and temperature. 
The interfacial fracture energy was seen to decrease significantly in the presence of water 
at the interfilce. No further degradation was seen when extending the aging time beyond 
saturation. 
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SOME OF THE EXPERIMENTAL WORK IN THIS SECTION HAS BEEN 
UNDERTAKEN BY OTHER RESEARCHERS. THE DATA IS REPORTED AND 
ANALYSED IN THIS SECTION AS IT IS USED IN THE MODELLING WORK 
EMPLOYED BY THE AUTOR. WORK DONE BY OTHERS WILL BE WRITTEN 
WITH ITALICS. 
MOST OF THE ALUMINIUM SU WERE TESTED BY MR. S. MILLINGTON AT 
QINETIQ (SECTION 4.1.2 AND 4.2.4). MR. s. MIllINGTON DID ALSO TEST THE 
L-JOINTS (SECTION 4.1.2 AND 4.2.2. 6). 
THE COMPOSITE SU WERE TESTES BY MR. F. JUMBO AT 
UOUGHBOROUGH UNIVERSITY (SECTION 4.1.2 AND 4.2.2.3). 
THE DU JOINT WAS TESTED BY MS. Y. HUA AT THE UNIVERSITY OF SURREY 
(SECTION 4.1.2 AND 4.2.2.5) 
MR. J.P. SARGENT TEST THIN SLJ AND L-JOINT AND STUDIED THOSE WITH 
AN OPTICAL MICROSCOPE (SECTION 4.2.2.4 AND 4.2.2.6) 
The aim of this research project was to develop models for prediction of the strength of 
adhesive bonds exposed to hwnid environments. The interfacial bond strength for the 
adhesive-substrate system investigated has been determined by MMF and NCA tests for 
various moisture levels as explained in Section 3.1.6 and 3.2.8. These tests results were 
then used to determine the model parameters for a specific adhesive-substrate system 
(Chapter 6 and 8). 
Various joint configurations have been tested to be able to verify the models developed. 
The joints have been exposed to high relative humidity environments for up to a year. 
Specimens were removed periodically and tested at room temperature. 
Single lap joints (SLJ) are used extensively in industry to assess an adhesive system and 
were thus used in this project. Both aluminum and composite substrates were utilised. 
Double lap joints (DLJ) with dissimilar substrate materials which induce large residual 
stresses were also assessed. SLJ, which were loaded during the exposure periods, were 
also tested as stress in combination with moisture may be more deleterious to the 
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durability. A more complex model element configuration (L-joint) was al 0 included in 
the research program as it more closely resembles real app lications such as stiffeners u ed 
in the aerospace industry. 
The joint test configurations and test resu lts are given in section 4. 1. In section 4.2 the 
degradation mechanisms and failure modes for the joints are characterised. 
4.1 Joint test configurations and test results 
In this section the joint configurations and the test results are given. 
4.1 .1 Configurations 
The aluminium alloy (7075 T6) substrates were chromic acid etched before bonding as 
described in Section 3.2.8.1. The dimensions for the lap shear joints are given in Figure 
4.1. The dimensionfor the L-joint are given in Figure 4.2. 
The composite (IM7/8552) substrates were degreased with acetone before the adhesive 
was applied. Alljoints were bonded with FM73 and cured at 120°C for one hour. The 
joints were manufactured individually and not sectionedfrom a large assembly. 
1======r----1==::::::t--.....l:...----I:===t:1 ~: 
O.15±O.OI 
==='---'==i.-~~~===t O.06±O.OI 
Figure 4. 1 Joint configurations and geometries/or the lap shear joints a) LJ al-al (l\Iidth 25) b) LJ c/rp-
cfrp (width 25) c) DLJ al-clip-al (width 25) [all dimensions in 111m} 
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Figure 4.2 Dimensions/or the L-joint (7075-T6) width 25, R 0. 76 on the flange where not given) [all 
dimensions in mmJ 
4.1.2 Test results 
All joints were tested in displacement control at 1 mmlmin. The test results are 
summarised in this section and graphs of the test results can be seen in Section 4.2. 
The test results are given in Table 4.1 (and also plotted graphically in Figure 4.12, 413 
and 4.21) for the aluminium Su. All joints were manufactured by QinetiQ. Most of the 
joints were also tested by QinetiQ but some additional tests were undertaken by the 
author. The load was seen to drop rapidly for the joint aged for two weeks and then 
recover. This drop was not found when repeating the tests in de-ionised water. The SLJ 
joints aged for short times were immersed in tap water which enhanced the degradation. 
The trend for the joints immersed for longer aging times was consistent with the trend for 
the joints aged in de-ionised water. After about 8 weeks the strength loss was slower and 
the retained strength leveled out at about 70% of the dry strength. The failure load of 
joints stored at 50°C under unloaded and loaded conditions in a dry environment did not 
decrease significantly after a period of 52 weeks. 
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Table 4.1 Aluminium SLJ joint test results (QinetiQ) 
Ageing time Environment Failure load Number of 
(week) (leN) repeats 
Standard Residual 
deviation (leN) strength (0/6 of 
un-aged) 
o Un-aged 11.17 3 1.7 100 
52 500 e 9.88 3 0.7 88 
52 50oe/Stressed l 10.01 2 2.9 90 
2 96%/50oe 10.31 1 0.3 92 
12 96%/50oe 9.51 2 85 
2 De-e/50oe 9.88 1 0.2 88 
12 De-I150oe 8.79 3 79 
2 Tap3 7.87 1 70 
1 Im4 9.44 3 0.6 85 
2 1m 7.03 5 1.3 63 
4 1m 7.96 3 1.2 71 
8 1m 8.34 3 0.8 75 
26 1m 7.35 3 1.5 66 
52 1m 7.76 3 0.6 70 
1 1m/Stressed 8.95 3 0.2 80 
2 1m/Stressed 8.24 4 0.9 74 
4 1m/Stressed 7.39 3 1.3 66 
8 1m/Stressed 5.99 3 0.4 54 
26 1m/Stressed 5.74 3 1.4 51 
52 1m/Stressed 7.18 3 0.3 64 
(Loaded at 800 N during aging zlrnrnersion in De-Ionised water JImmersion in tap water 41mmersion by 
QinetiQ (tap and de-ionised water) 
The test resultsfor the composite SLJ are given in Table 4.2 (and also plotted graphically 
in Figure 4.10). The jOints were manufactured by QinetiQ and exposed and tested at 
Loughborough University. Up to 4 weeks the strength loss follows an expected behaviour 
with an continuous decrease in residual strength as the aging time increase. After 4 weeks 
the joints aged in the 96%RH environments followed the expected trend whereas the 
strength of the joints aged in the 80%RH environments fell off rapidly. Ashcroft and 
Zheng (2004) have undertaken depth sensing indentation (DSl) after curing at the 
recommended cure cycle and after additional ageing at 50°C for 20 hours. No change in 
properties was found. Thus, the rapid degradation was probably due to composite failure 
as there was no thermal degradation. The rate of degradation levelled off after 12 weeks 
at strength of about 80% in the 80%RH environment and about 90% in the 96%RH 
environment. 
The test results for the DLJ can be seen in Table 4.3 (and also plotted graphically in 
Figure 4.23-4.25). Thejoints were manufactured by QinetiQ and conditioned and tested 
at the University of Surrey (Hua, 2004). The results were very similar for the joints aged 
in both environments. The strength after one year of exposure was about 75% of the un-
aged strength. 
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Table 4.2 Composite SLJ joint test results (Loughborough) 
Ageing time Environment Failure load Number of Standard Residual 
(week) (kN) repeats deviation (kN) strength (0/0 of 
un-aged) 
0 Un-aged 12.40 3 0.1 100 
1 80%170°C 12.27 3 0.7 99 
2 80%170°C 12.26 3 0.7 99 
4 80%170°C 12.24 3 0.8 99 
12 80%170°C 9.56 3 0.2 77 
26 800/0/70°C 9.27 3 0.1 75 
78 800/0/70°C 10.21 3 0.7 82 
1 96%/50°C 11.35 3 0.3 92 
2 960/0/50°C 11.56 3 0.5 93 
4 96%/50°C 10.99 3 0.2 89 
12 960/0/50°C 10.90 3 0.5 88 
26 960/0/50°C 10.11 3 0.7 82 
78 960/0/5OOC 11.96 3 0.6 96 
Table 4.3 DLJ joint test results (Hua at University ojSurrey) 
Ageing time Environment Failure load Number of Standard Residual 
(week) (leN) repeats deviation (leN) strength (0/0 of 
un-aged) 
0 Un-aged 23.87 3 0.9 100 
2 70°C 25.27 2 0.2 102 
12 700C 26.01 2 0.1 109 
26 70°C 26.63 2 0.8 112 
52 70°C 27.12 1 114 
1 80%l7OOC 21.73 3 0.3 91 
2 800/0/7OOC 22.05 3 1.3 92 
4 800/0/7OOC 21.82 3 0.3 91 
12 800/0/7OOC 19.933 3 2.5 83 
26 800/0/7OOC 21.620 3 0.8 91 
52 800/0/7OOC 17.84 3 0.4 75 
1 960/0/S0°C 22.17 3 0.2 93 
2 960/0/5OOC 21.94 3 0.1 92 
4 960/0/50°C 21.06 3 0.9 88 
12 960/0/S00C 20.33 3 0.6 85 
26 96%1500 21.75 3 0.6 91 
52 960/0/50° 17.46 3 3.0 73 
The results for the L-joints can be seen in Table 4.4 (and also plotted graphically in 
Figure 4.27). They were conditioned and tested by QinetiQ. The joints were seen to 
degrade rapidly up to 16 weeks and then remain constant at about 50010 of the dry strength. 
Table 4.4 L-joint test results (QinetiQ) 
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Ageing time Environment Failure load Number of Standard Residual 
(week) (leN) repeats deviation (kN) strength (0,1, of 
un-a&,ed2 
0 Un-aged 2.45 3 0.2 100 
2 500 e 2.71 3 0.3 III 
4 50° 2.57 3 0.2 105 
8 500 e 2.51 3 0.1 102 
32 500e 2.64 3 0.2 108 
52 500 e 2.62 3 0.2 107 
I Immersion/500e 1.75 3 0.3 71 
2 Immersion/500C 2.05 3 0.2 84 
4 Immersion/500C 1.72 3 0.3 70 
8 Immersion/500e 1.47 3 0.1 60 
16 Immersionl500c I.l3 3 0.1 46 
26 Immersion/500e 1.27 3 0.1 52 
52 Immersion/500e 1.2 3 0.3 49 
4.2 Characterisation of failure mechanisms 
Various techniques can be used to study the failure surfaces of a bonded joint. Here four 
techniques have been used: a) visual inspection b) optical microscope c) scanning 
electron microscopy (SEM) and d) X-ray Photoelectron Spectroscopy (XPS). SEM gives 
a better depth focus and higher resolution than optical microscopy and is hence useful to 
determine the topography of surfaces. Electrons are accelerated onto the surface and the 
emitted secondary electrons are detected and give a high resolution image (Hitachi 
S3200N). XPS is used to get an elemental analysis of surfaces. The sample is bombarded 
by photons and electrons are emitted. By measuring the kinetic energy of these, the 
binding energy of the electron can be determined and hence the element from which it 
originates identified. The XPS analysis was undertaken using a VO Scientific ESCALAB 
MKII system operated in constant analyser energy mode. AIKa (hv = 1485) radiation was 
used in all analyses. The pass energies were set to lOOeV for the survey spectra and 20eV 
(CIs, OIs, A12p, Mgls) and 50eV (NaIs, Zn2p3, Ca2p, NIs, Si2p) were used for the 
high resolution spectra. The number given after the symbol corresponds to which shell it 
has been expelled from, the letter corresponds to the orbital (or the atomic quantum 
number) and the last number corresponds to the fine structure level which relates to the 
quantum spin. 
There are three main classes of failures: substrate failure, cohesive failure (of the 
adhesive) and interfacial (or adhesion) failure. In a bonded structure there is often of a 
mixture of cohesive and adhesion failure and, with composite joints, substrate failure in 
the form of composite de-lamination might be important. A joint exposed to a wet 
environment often exhibits more interfacial type of failure as the interfacial strength may 
degrade more than the bulk material under aging. 
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4.2.1 Characterisation of the joint constituents surfaces 
Firstly, the effect of the etching was investigated. Then the bulk epoxy surface was 
characterised. This characterisation was useful when determined the type offailure of the 
analysed joints. 
4.2.1.1 Aluminium substrates 
The aluminium alloy used as substrate material was 7075-T6. The alloy contains 
magnesium as seen in Table 4.5. 
Table 4.5 Standard for 7075-T6 (weight %) 
Ai C, Cu Fe Mg Mn 
90 0.18- 1.2-2 Max 2.1-2.9 Max 
0.28 0.5 0.3 
Si 
Max 
0.4 
Ti 
Max 
0.2 
Zn Tr+Ti 
5.1-<5.1 Max 
0.25 
Magnesium can migrate to the surfaces which may result in weak bonds (Kinloch, 1982). 
The pre-treatment used in this study was a chromic acid etch (CAE) following DEF 
STAN 03-2/3. The results from XPS analysis of the aluminium cleaned with acetone and 
etched are depicted in Table 4.6 and 4.7 (Figure 4.3). 
5 x 10
4 
4.5 Un-treated 
Etched Author 
4 -- Etched QinetlQ 
3.5 
3 
~ 82.5 
2 Mg1s 
0.5 
Zn2p3 
015 
C1s 
Ca2p 
N1s 
I 
OL-__ L-__ ~ ____ ~ ____ L-__ -L ____ ~ __ ~ 
1200 1000 800 800 400 
Binding f!NerrJI (eV) 
Figure 4.3 Survey spectrum of the untreated and treated aluminium 
Table 4.6 XPS results of the untreated aluminum (atomic %) 
Allp CIs Mgls 
6.54 52.63 1.53 
Table 4.7 XPS results of the etched aluminum atomic %) 
Etch All CIs Ca2 
QinetiQ 12.89 31.72 1.85 
Author 12.54 36.47 1.79 
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39.08 
Nals 
0.46 
0.56 
01s 
52.75 
48.41 
Zn2p3 
0.22 
Zn23 
0.33 
0.23 
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It can be seen that the magnesium was successfully removed and that the etches 
undertaken by the author and at QinetiQ were very similar. This is crucial in order to 
compare the results from the joints manufactured by the author and by other research 
partners. 
4.2.1.2 Adhesive FM73 
An XPS spectra of the adhesive in a failed single lap joint (SU) in the overlap region 
where cohesive failure occurred is shown in Figure 4.4. The carbon and the oxygen with 
their Auger counterparts are clearly seen. The elemental composition can be seen in 
Table 4.8. 
Table 4.8 Adhesive elemental results from XPS analysis 
CIs 018 
84.6% 15.4% 
These spectra can be used when analysing the spectra from the failure surfaces of the 
joints to determine the amount of adhesive left on the substrate failure surface. 
18000 C1s 
16000 
14000 
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12000 
~1: 
6000 
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oL-~~ __ ~ __ ~~ __ ~ __ ~=-~~~~ 
1200 1000 BOO BOO 400 200 0 
Binding _rgy (eV) 
Figure 4.4 Survey spectra of the adhesive 
4.2.2 Degradation of the bonded joints 
The degradation of the residual strength of bonded joints can be attributed to the 
plasticising of the adhesive or degradation of the strength of the interface region. The 
interface region is often the weakest link in ajoint exposed to a wet environment. 
When water is present at the interface it becomes thermodynamically unstable (Gledhill 
and Kinloch, 1974). The thermodynamic approach can however not explain all types of 
apparent interfucial failures as a joint with a thermodynamically displaced adhesive layer 
would not recover any strength if the joint were dried . Tests employed by other 
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researchers after drying joints exposed to high humidity levels recovered much of their 
strength (Bowditch, 1996) 
Water enters a joint through penetration of the bulk material or through interfacial 
diffusion. The water in the joint will migrate to the interfacial regions in metal joints as 
metal oxides have very high surface energies (Sung, 1988). Hence water accumulates 
close to the interface but not at the interface due to the small free volume in the adhesive 
adjacent to the interface (In an adhesively bonded joint the modulus is higher close to the 
interface (Diebles et ai, 2004). This might be due to the interaction between the metal 
surface oxide and the polymeric adhesive (Jansen et ai, 2004» . This weakens the 
adhesive a few nanometres above the interface and leads to an apparent interfacial failure 
(Figure 4.5). This degradation is recoverable, is called wet adhesion failure and is a fast 
process (private communication with J.F. Watts). It is recoverable because the water 
agglomerates in the region close to the interface and hence this region gets potentially 
weaker but no bonds are broken. Therefore, when the joints dries out the joint recover its 
strength. 
Figure 4.5 Wet adhesion degradation 
4.2.2.1 MMF (FM73) 
Typical failure surfaces of the MMF specimens can be seen in Figure 4.6. From the 
figures it can be seen that the failure for both the dry and the 80%RH was clearly 
cohesive. In the same figure it can be seen that the failure was apparently interfacial after 
saturation at 96%RH. 
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Figure 4.6 Failure surfaces oftbe MMF specimens a) dry b) 80%RH and c) 96%RH 
4.2.2.2NCA 
The NCA specimens were submerged in de-ionised water. The failure was apparently 
interfacial as seen in Figure 4.7 
.• ~~i~-
".~-
Figure 4.7 Failure surface of the NCA specimen aturated in water 
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Figure 4.8 Swvey spectrum of the NCA specimen on the metal and the adhesive side 
A survey spectrum of the failed NCA specimen on the polymer side and the metal side is 
shown in Figure 4.8. 
The XPS analysis results are shown in Table 4.9 and 4.10. The aluminium found on the 
polymer side is probably due to the topology of the bonded surface (Figure 4.9) as the 
aluminium peaks are ripped off on failure. 
Figure 4.9 Showing why aluminium is found on the polymer side 
Ca2 Ol s Zn2 3 
0.23 22.57 0.04 
The results indicate a thermodynamic displacement type of failure as the ratio between 
the aluminium, carbon and oxygen on the aluminium side was very similar to the 
composition on the un-bonded aluminium substrate (Table 4.7). The failure strain was 
however significant which might indicate a wet adhesion type offailure. 
Table 4.10 Metal side (at%) 
AI2p C1s Ca2p Na1s 0 1s Zn2p3 
10.55 43.89 0.82 1.03 43 .26 0.45 
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4.2.2.3 Composite SLJ 
The composite SLJs were exposed to 80%RH at 70°C and 96%RH at 50°C. The results 
from the tests presented in Table 4.3 can be seen graphically in Figure 4.10. 
The sharp drop after 56 days for the joints exposed to 80%RH may indicate that the 
failure was governed by composite de-lamination. The failure surfaces of the tested joints 
can be seen in Figure 4.11. It can be seen that there was some composite failure for some 
of the joints but in none of the joints was the amount of composite failure larger than the 
adhesive failure. 
The apparent recovery in strength after about 500 days may be due to the plasticizing 
effect of moisture on the adhesive. A more ductile adhesive may redistribute the stresses 
more and the tensile stresses on the tensile side may be reduced due to the lower yield 
strength. This may reduce the amount of composite failure and the failure load may 
mcrease. 
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Figure 4.10 Test results for the composite SU (After Mr F Jumbo at Loug!Jborough University) 
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Figure 4.11 Failure sUlfaces of composite SLJ joints (From M,. F Ju _ . ~ :; .Jh University) 
4.2.2.4 Aluminium SLJ 
The aluminium 'LJ were manufactured, aged and tested by QinetiQ. The joints were 
immersed in water at 50OC. 
Unstressed 
The failure surfaces were first analysed by visual inspection. The amount of apparent 
interfacial failure in relationship to the failure load can be seen in Figure 4.12. In the 
figure if can be seen that the there is an apparent relationship between the amount of 
cohesive fai lu re and the fai lu re load. 
After aging for 2 weeks, a sharp decrease in failure load was seen which after another two 
weeks was apparently recovered. Both the results for the failure load and the amount of 
cohesive failure follow the same trend. 
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Figure 4.12 Showing the failure load and apparent cohesive failure versus immersion time for the 
aluminium SLJ (After Mr S. Millington at QinetiQ) 
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Figure 4.13 Comparison between repeats and original tests (Aluminium SU) (most after Mr ,Millington 
at QinetiQ) 
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Figure 4.14 A luminiulIl SLJ aged in water, comparison between O/igina/ tests and repeats (most from MrS. 
Millington at QinetiQ) 
Additional tests, aging the samples in de-ionised, tap water and 96%RH were undertaken 
for 2 and 12 weeks to investigate this behaviour further (Figure 4.13)' Images of failure 
surfaces aged from the original tests and the repeats are compared in Figure 4.14. It can 
be seen that the aluminium substrates from the original tests aged for a shorter time were 
much more corroded than the ones from the repeated test where de-ionised water was 
used. It can also be seen that the substrates from the tests aged a longer time look similar 
to the ones tested in de-ionised water. 
From Figure 4.14 it seems likely that samples aged by QinetiQ for a shorter times have 
been exposed to a more corrosive environment, which influenced the degradation. 
QinetiQ confirmed that a mixture of tap and deionised water had been used in the aging 
tanks and that the ratio may have varied between the different tanks. 
The degradation of joints exposed in tap water compared with distilled water has been 
shown to be much faster for an adhesive system (Sargent, 2005a). Specimens immersed 
in tap water failed early on in the test and specimens immersed in distilled water did not 
show any significant reduction in strength after 7 years. 
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Salts dissolved in tap water result in a higher conductance, which enhances corrosion. 
The conductance in de-ionised water and tap water was measured with a conductivity 
meter (Jenway 4310) and are given in Table 4.11. The conductance was several of orders 
of magnitude higher in the tap water. Diffusion of cations in saline solution has been 
shown to determine the rate of delamination (Deflorian and Rossi, 2003). 
Table 4.11 Conductance in de-ionised and ta water 
Water 
De-Ionised 
Ta 
Conductance 
0.83 
496 
Cathodic delamination may have taken place which explains the lower failure load for the 
joints that had been immersed in the tap water. The electrochemical reaction in the 
cathodic delamination consists of the following reactions where electrons of the free 
exposed aluminium surface are dissolved as follows 
and the relatively anodic region covered with epoxy as below 
e I+- Anode \ OH- e_ ~ Anode 
H20~ 
O2 dathode H
20 ;::-r-0 2 cathte 
Figure 4.15 chematic representation of cathodic delamination in an adhesively bonded joint 
The hydroxyl ions (OK) result in an heavily alkaline environment which is deleterious to 
the interfacial strength and the adhesive debonds and the newly debonded region now 
acts as an anode and the inner region as a cathode as depicted schematically in Figure 
4.15. 
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Figure 4.16 XPS line scan path 
To further investigate this point, XPS was undertaken on samples aged for 2 weeks. The 
scan is shown in Figure 4.16 and a spot size of 500 J.lm was used. The first point was 
close to the edge and the next 7 points moved progressively towards the centre of the 
joint. The survey spectra from the XPS analyses are shown in Figure 4.17. The numerical 
results can be seen in Figure 4.1 8. 
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Figure 4.17 Swvey spectra for the XPS analy is on joints aged in tap water for 2 week 
Less aluminium and more carbon were detected as the scan moved further away from the 
exposed edge. This trend was expected as there was less water in the centre of the joint 
The carbon may come from the adhesive or as contamination. The calcium may indicate 
corrosion as the negative hydroxyl ions produced in the corrosion process attracts cations 
(Kinloch et aI , 2004). However the calcium profile follows the same pattern as the 
moisture distribution and hence no defmite conclusion can be drawn from the calcium. 
The nitrogen is a label for the curing agent (Rattana et aI, 2002) and hence the adhesive. 
No nitrogen was seen close to the edge for the joint exposed to the tap water environment. 
This indicates a more interfacial failure for this joint which might be due to corrosion. 
125 
Chapter 4 Joint tests 
: : :::.1 
7 
~;] Nll$' _ 
7 
Figure 4.18 Results from the XP analysis 
Sargent (2005) immersed 0.6 mm wide aluminium 'U bonded with FM73 in tap water. 
On the post failure FM73 upper substrate face interference fringes were seen, which 
indicate oxide growth (Sargent, 2005) as seen in Figure 4.19 and 4.20. 
Figure 4.19 FM 73 failure swjaces after aging for 3 days immersion at 50 (optical microscope) (From 
Sargent, 2005b) 
There were much larger interference fringes and corrod d region on the joint aged for 
10 days than on joints aged for 3 days. 
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Figure 4.20 FM 73 aluminium SU specimen substrate /ailure sU1faces examined in optical microscope, 
10 days water immersion at 500C (From Sargent, 2005b) 
Stressed 
The strength of the stressed joints was seen to decrease much faster than the unstressed 
joints during aging, as seen in Figure 4.21. Images of the joints can be seen in Figure 
4.22. The substrate surfaces did not look heavily corroded (except the first ones). This 
might indicate that there was a stressed enhanced process which degraded the bond 
strength further as suggested by other researchers (section 2.6.5). 
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Figure 4.21 Comparison between the/ai/ure load o/the stressed and unstressed aluminium SLJ joints The 
strength o/the stressedjoints was seen to decrease much/aster than the unstressedjoints during aging 
(From Mr . Millington at QinetiQ) 
The apparent accelerated degradation cannot be attributed to creep as it was relatively 
small (section 3.2.6.2). Both the stressed and the unstressed LJs are apparently 
unaffected by storage at 50°C in dry conditions as seen in Figu re 4.21 . 
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Figure 4.22 Failure surfaces of the stressed aluminium Us (From Mr . Millington at QineliQ) 
4.2.2.SDW 
The DLls were exposed to 80roRH at 700C and 96%RH at 50OC. The results from the 
tests can be seen in Figure 4.23-4.25. The amount o/interfacial/ailure on the aluminium 
side has been determined at the University urrey through digital processing o/images of 
the failure surfaces (Hua, 2004). The amount of composite failure was detennined by 
visual inspection by the author. The DLJ was the most complex configuration as it both 
has composite and aluminium substrates. This induced large residual stresses and also a 
variety of possible failure mechanisms. 
As seen in the Figure 4.23, the failure load was very similar in the two environments. 
This indicates that the failure in these joints may not solely relate to the moisture. There 
are two other possible mechanisms, which are composite failure and stress enhanced 
degradation due to the residual stresses . There was some composite failure on the failure 
surfaces as seen in Figure 4.26. For the joint aged in the 96%RH environment it can be 
seen that the amount of interfacial failure increases with the aging time (Figure 4.23). 
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This was however not seen for the joint aged in the 80%RH environment where the 
amount of interfacial fuilure initially increased but then for larger ageing times decreased. 
In Figure 4.24 the amount of composite failure is plotted against the aging time. There is 
no clear trend but overall, the amount of composite failure is seen to decrease. This might 
be due to that the joint fuils at a lower failure load and the plasticizing effect of moisture. 
Both reasons mentioned reduces the magnitude of the peel on the tension side and hence 
the possibility of composite failure. In Figure 4.25 the amount of cohesive failure as a 
function of the aging time can be seen. This graph shows merely the inverse of Figure 
4.23 as the amount of composite failure is small. 
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Figure 4.23 Failure load and amount of aluminium inteifacial failure verslls aging lime (DLJ, From Ms. Y. 
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Figure 4.24 Failure load and amollnt of composite failure ver us aging time (DLJ, From Ms. Y. Hila at the 
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Figure 4.25 Failure load and amount of adhesive (cohesive) failure versus aging time (DU, From Ms. Y. 
Hua at the Univers ity of Surrey) 
The strength for the dry DLJ aged at 70°C increased (Figure 4.25). This can probably be 
attributed to relaxation of the residual stresses and not to a post cure effect. 
----------__________ ~~ a) ~--------------------~ b) 
c) ..... ~-~--- _____ d) 
Figure 4.26 Failure suifaces of the DU in 96%RH for J (a and b) and for 52 weeks (c and d) (Du, From 
Ms. Y. Hua at the University of UfTey) 
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4.2.2.6 L-joint 
The L-joints were immersed in water at 50ac. The experimental results can be seen in 
Figure 4.27 and the failure surfaces in Figure 4.28. In Figure 4.27 it can be seen that the 
rate of degradation is apparently more severe for the L-joints than most of the lap joints. 
After about 100 days there is complete apparent interfacial failure. 
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Figure 4.27 Failure load and amoul1l of cohesive failure versus immersion time for the L-joint (From Mr 
Millington at QinetiQ) 
Thin L-joints have been tested by BAE (. argent, 2005b). II was found by undertaking 
SEM that deeply etched 'chasm-like' stmcture existed on the flange substrate surface in 
the dry and all exposed thin L-joints (Figure 4.29-4.30). This was a markedly different 
structure to than observed for lap-shear specimens. The adhesive side showed a negative 
impression of this substrate chasm-like stn./cture, with indication Ihat ad he ive had 
pulled out and tom from these structures. It is possible that an increased rale of 
degradation for the L-joints was due to this subs Irate Imclure. Waler was possibly 
finding an easy route along chasms. Further, there were also signs of corrosion which 
indicate a cathodic delamination degradation process. 
There was not a significant amount of degradation or further cross-linking at 50°C in dry 
conditions (Figure 4.27). The degradation of the L-joints can either be attributed to 
cathodic delamination or a faster interfacial diffusion due to the chasm like etch structure. 
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Figure 4.28 Failure sUlfaces of the L-joints (From Mr S. Millington at QinetiQ) 
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~ ~ 
Figure 4.29 SEM images a) 3days conditioned L-joinl adhesive sUlfaee 
and b) dry L-Joint flange sUlface (From Sargent. 2005c) 
a) b) 
Figure 4.30 SEM images a) flange un-bonded aluminium suiface and b) lap-shear conditioned 3 day 
(From Sargent. 2005e) 
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4.3 Conclusions 
There was not a significant amount of degradation or further cross-linking at 50°C in dry 
conditions as seen for the SLJ and the L-joint. The strength for the dry DLJ aged at 70°C 
did however increase. This can probably be attributed to relaxation of the residual 
stresses and not to a post cure effect. 
For the un-stressed joints submerged in the high relative humidity environment and in de-
ionised water, failure maybe either a wet adhesion or a thennodynamic displacement type 
of failure. For both type of failures, the degradation is related to the quantity of water 
molecules in the interface region. It can thus be concluded that the strength retention at 
the interface of these joints can be related to the amount of moisture in the interface 
region and to be independent of time as seen for the EA9321 MMF joints aged for 
different times (Figure 3.47). 
For the SLJ submerged in a more corrosive environment it seems likely that the strength 
retention was governed by cathodic delamination. 
For the L-joints there remain two possible explanations for the rapid degradation: 
cathodic delamination or a faster interfacial diffusion due to the chasm like structure on 
the etched flange. 
The stressed aluminium SLJ joints seem to degrade faster than the unstressed joints 
during aging. This was probably due to a further degradation of the strength in the 
interfacial region and not due to a stress enhanced diffusion as this has been shown to 
have a small effect on the ingress of water (Neumann and Marom,1987; Royet aI, 2005). 
The degradation of the DLJ in the different relative humidity environments was probably 
also due to a stress accelerated degradation mechanism. 
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Chapter 5 
Development of FE modelling techniques 
The models and approaches developed for the prediction of the residual strength of joints 
exposed to humid environments are verified in this section. There are various processes 
that have to be considered when modelling the durability of adhesively bonded joints. 
The damage of the interface was modelled with a cohesive zone model (CZM). The CZM 
is verified in the first section. Then the effect of the CZM parameters was investigated 
considering an elastic adhesive layer. The response when using a CZM model in 
conjunction with a plastically deforming adhesive layer was then determined. An 
approach to undertake CZM in 3D was then developed as described in Section 5.1.4. 
There are thermal and hygroscopic residual strains in bonded joints. A technique to 
include these in the models when using time dependent mechanical properties is 
described in Section 5.2. Moisture affects both the adhesive continuum and the interface 
strength. An approach to model the ingress of moisture in both joints with non-permeable 
and permeable substrates is considered. A technique to include the effect of loading on 
the rate of moisture ingress was also developed. Techniques to model cathodic 
delamination and stress enhanced degradation were developed as described in Section 5.4 
and 5.5. The effect of a combination of interfacial failure and cohesive failure for a SLJ is 
discussed in Section 5.6. Finally a technique to model composite de-lamination was 
developed as described in Section 5.7. 
5.1 Cohesive zone models 
A cohesive zone model (Figure 5.1) was used to model the progressive damage of the 
interface between the adhesive and the substrate. 
When using a CZM approach to model the progressive damage and failure, a pre-defined 
crack path has to be defined. A CZM simulates the macroscopic damage along this path 
by specification of a traction-separation response between initially coincident nodes on 
either side of the pre-defmed crack. 
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Figure 5.1 Cohesive zone model 
The element behaves as a stiff spring until a critical (tripping) traction is reached. After 
this point the spring unloads gradually, dissipating energy in the process. Upon unloading, 
the nodes start to separate and then fmally de-bond totally. The whole failure response 
and crack propagation can thus be simulated. The parameters that govern the traction-
separation law are the tripping traction (O'trip) and the energy of separation per unit area (n. The separation between the nodes (0) are defined as 
where 01, 011 and Om are the separations in opening mode, sliding mode and tearing mode 
respectively. The traction is the resulting force between the initially coincident nodes 
(taking the separation in all modes into account) divided by the distance between two 
adjacent CZM elements. 
5.1.1 Benchmark models 
Three different approaches have been used to implement the cohesive zone modelling. In 
ABAQUS a user defined element (VEL) can be defined in a FORTRAN subroutine. 
Initially, an existing VEL developed at University of Surrey by Loh (2002) to derme a 
CZM, was modified from strain to stress tripping (CzmStress.for, Appendix 5.1). A VEL 
can however only be implemented when an implicit integration scheme is used. For 
certain problems when non-linear material properties were used in a configuration that 
resulted in catastrophic failure an explicit integration scheme had to be used to obtain 
convergence. Non-linear spring elements where thus used in these circumstances. In the 
latest version of ABAQUS, CZM elements have been fully implemented (COH2D4 in 20 
and COH3D8 in 3D). These elements were used for the 3D models where an implicit 
integration scheme was used. When used in an explicit analysis for a complex model, the 
analysis tended to crash. The advantage with these fully implemented elements is that 
they accommodate different sized elements automatically. 
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Figure 5.2 Benchmark models a) Mode I b) Mixed mode c) Mode J: Load-displacment d) Mixed mode: 
Force-displacement 
Two simple benchmark models were analysed to verify the CZM. A mode I and a mixed 
mode configuration were created (Figure 5.2). The bulk adhesive was modelled with 
continuum elements. The fracture energy of a material is conventionally given in kJm-2• 
The cohesive zone model parameters are hence given as traction and energy per unit area. 
These units could not be used when modelling the failure of a discrete point as in Figure 
5.2. The cohesive zone model parameters were hence given in Nand Nmm for these 
models. The failure energy was set to 1 xl 0-3 Nmm, the unloading force to 0.045 Nand 
the initial stiffness was set to 300000 Nmm-I to minimize the relative displacement 
between the bonded nodes prior to unloading. The three CZ models gave the same result 
and the unloading force and the energy followed the specified traction-separation curve. 
5.1.2 Compact tension 
The compact tension specimen is a standard test to determine the cohesive fracture 
properties of a material (Figure 5.3a). An expression for the stress intensity factor for the 
configuration has been determined by Broek (1982) as follows 
The stress intensity factor is related to the fracture energy (G) for plane stain in mode I as 
follows 
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G = K/(J-v2)1E 
A cohesive zone model has been used to model the progressive damage and failure. The 
largest elements were 2x2 mm2 and the smallest elements along the predefined crack path 
were 0.125xO.125 mm2. Only half the geometry had to be modelled due to symmetry as 
seen in Figure 5.3b. 
o 
28.8 
o 
71------------~--~ 
a) 
:. 
W=24 6 
Figure 5.3 Compact tension specimen (B=6 mm) a) dimensions b) mesh 
ABAQUS/Standard was used and linear 4-noded plane strain continuum elements (CPE4) 
were used together with a compatible interface element along the crack path. The 
continuum material properties were linear. The initial crack length was set to 6 mm, the 
modulus of elasticity used was 2600 MPa, the Poission's ratio was set to 0.4 and the 
fracture energy was set to 150 Jm-2• The tripping traction was 17 MPa. The model was 
loaded under displacement control using rollers at indicated in Figure 5.3a. 
o~~~~~~~=;~~~~~~~~ o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 
Displacemnt (mm) 
Figure 5.4 Load~splacement cwve for the compact tension model 
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The approach successfully modelled the progressive damage (Figure 4.4) and a1\ three CZ 
models gave the same result. Substituting the dimensions and the fracture energy into the 
formulas above gave a failure load of 117 N. Tills was consistent with the results from the 
progressive damage modelling. 
5.1.2 The effect of the CZM parameters 
Two configurations were used when investigating the effect of the eZM parameters. A 
single lap joint and a mixed mode flexure specimen were chosen as these result in 
catastropillc and progressive failures respectively. 
5.1.2.1 Mesh and configurations 
The effect of a/rip and Ton the predicted failure load was investigated by modelling both a 
MMF and a SU. The joint dimensions used were those given in Section 4.1.1. 
Figure 5.5 Part of the MMF mesh 
The elastic modulus used for the adhesive and the substrate respectively used was 2000 
and 72 GPa. 
Two mesh sizes were used to model the MMF specimen to determine the mesh effects. 
The crack growth increment was 0.25 mm for the fine mesh and 0.5 mm for the coarse 
mesh. The mesh used for the fmer meshed model is shown in Figure 5.5. The crack path 
was set follow the upper substrate-adhesive interface as the pre-crack and subsequent 
crack growth occurred in th:is region (MMF). A state of plane stress was assumed for both 
the substrate and the adhesive layer as the joint was loaded in bending. 
The predefmed crack path was set to follow the lower substrate-adhesive interface for the 
SLJ. The mesh for the SLJ can be seen in Figure 5.6. Only half of the geometry had to be 
meshed due to rotational symmetry. An idealised geometry without fillets was used for 
the SLJ. Plane strain was assumed in both the substrate and the adhesive layer. The 
smallest and the largest elements were 0.025xO.025 and 1.05x 1.05 mm respectively. 
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Figure 5.6 SLJ, no fillet a) Mesh b) Close up 
5.1.2.2 The effect of the CZM parameters on the failure load 
The variation of the predicted failure load of the MMF joint with (J'trip for different values 
of rand mesh sizes are shown in Figure 5.7. It can be seen that the predicted failure load 
was strongly dependent on (J'trip for both low and high values of (J'Mp. 
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Figure 5.7 The effect of the CZM parameters on the initial failure load of the MMF 
In the lower region the CZM elements along the entire adhesive layer tripped before any 
elements were released and the failure load was thus dependent on Utrip through a limit 
state condition. For rugh values of (J'lrip, the process zone length (PZL, the number of 
CZM elements unJoading at any time) became discontinuous and the fallure was again 
strongly dependent on U/rip. In the intermediate region the failure load was much less 
dependent on (J'/rip and was controlled mainly by r. The lower and the intermediate region 
have been termed the mesh independent region and define the zone wherein the ZM 
elements should function. A finer mesh extended the mesh independent region towards 
higher Utrip' This is because a finer mesh can model a smaller continuous PZL, which is 
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required for higher f7trip to function with a continuous process zone. A higher energy 
produced higher predicted loads. 
Similar characteristics were found when modelling the SLJ (Figure 5.8). 
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Figure 5.8 The effect of the eZM parameters on the failure load of the SLJ 
5.1.2.3 The effect of CZM parameters on the load-displacement curves 
The effect of the CZM parameters on the complete load-displacement curve was 
determined by considering a selection of the results from the MMF specimen analyses. 
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Figure 5.9 The effect of the eZM parameters on the load-displacement curve of the MMF ( rand crlrip) 
The data from these analyses are shown in Figure 5.9 and 5.10 and in all these analyses 
the CZM elements functioned in the "mesh independent region". Figure 5.9 shows that 
the predicted response was mainly determined by the fracture energy, with the tripping 
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traction having a small influence on the peak load (as also shown in Figure 5.7). From the 
figure it can also be seen that the overall stiffness was affected by the tripping traction. 
The loading stiffness of the CZM elements was set high so that the compliance of the 
joint should not be affected by the CZM element before any damage was induced. Hence, 
the initial response was independent on the magnitude of the tripping traction. The more 
compliant response seen for a lower tripping traction was hence seen only after that 
tripping had occurred. 
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Figure 5.10 Effect of mesh refinement and crtrip (r = 2.9 kJm'2) for the MMF (marker indicates point of 
first element trip) 
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Figure 5.11 Showing the independence of onset of non-linearity with r (crtrip = 45 MPa) for the MMF 
specimen 
Figure 5.10 shows the response with a single value of fracture energy and three values of 
tripping traction for two different meshes. There was no significant non-linearity on the 
load-displacement curve until a number of CZM elements had begun to unload. For a 
lower a,rip, the predicted response became non-linear at a lower displacement and 
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exhibited more non-linearity than with a higher Utl'ip' Although, Utrip was reached earlier 
for the finer mesh the overall non-linear response of the load-displacement curves were 
essentially mesh independent. Figure 5.11 plots the response for three different fracture 
energies, using the same mesh and tripping traction. It can be seen that Utl'ip was reached 
in the first eZM element (at the crack tip) at the same displacement for different energies 
when using the same tripping traction. The initial deviation from the linear load-
displacement curve was also similar until gross damage was induced. 
5.1.3 The effect of adhesive plasticity 
In the previous section the effect of the eZM parameters when using elastic properties for 
the adhesive continuum was investigated. In this section the effect of including non-linear 
material properties in the adhesive layer was considered. The substrates were assumed to 
be elastic. The effect on the failure load of the SLJ of the hardening and the initial yield 
stress in the constitutive model of the adhesive layer was investigated. The eZM 
properties were fixed for the modelling of the SLJ throughout this part (Utrip = 100 MPa 
and r= 1.2 kJm"2). The experimentally determined elastic modulus was used. 
First the effect of the initial yield stress of the adhesive was investigated; several 
constitutive models were employed with different yield stresses, Figure 5.12. 
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Figure 5.12 Stress strain curves considered (effect of yield stress) 
A lower yield stress led to bigher amount of plastic deformation and energy dissipation, 
which led to a higher failure load, Figure 5.13 as the total amount of dissipation upon 
failure (fracture energy plus plastic dissipation) determines the failure load. 
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20 
0.16 
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0.165 
Figure 5.13 Predicted SLJ response (effect of yield stress) 
0.17 
Then the effect of the hardening was modelled by assuming a fixed initial yield stress and 
varying the stiffness of the hardening curve, Figure 5.14. The failure load was found to 
increase with decreasing stiffness of the hardening curve, as more plastic deformation 
was induced, Figure 5.15 as the total amount of dissipation upon failure (fracture energy 
plus plastic dissipation) determines the failure load. For very slow hardening (i.e. 500 
MPa in Figure 5.14) crack arrest occurred as the tripping traction could not be achieved 
and global (limit state) plastic deformation occurred in the adhesive continuum without 
failure of the eZM elements, Figure 5.15 
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.Figure 5.]4 Stress strain curves considered (effect of the hardening stress) 
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Figure 5.15 Predicted LJ response (effect of the hardening) 
5.1.4 Extension to 3D 
In principle it is relatively easy to extend the approach to 3D to account for deformation 
in the third direction. In the CZM elements the relative displacement in all directions 
between in initially coincident nodes were now accounted for. For the larger models and 
for configurations that resulted in catastrophic failure an explicit solution had to be used 
to obtain a solution within a reasonable time. When using the explicit integration scheme 
only elements with reduced integration were available. This resulted in significant 
hourglassing (when using too few integration points there are a number of zero energy 
displacement modes) in the adhesive bulk elements (Figure 5. l6b) at the interface due to 
the constraints of the cohesive zone. The modelling of the fracture of an bulk adhesive 
double cantilever beam in 3D is shown in (Figure 5.16). 
Figure 5.16 DeB at 0.25 mm a) Full integration b) Reduced integrati n c) Reduced integration and shell 
elements at fracture plane 
This effect could not be avoided by using a finer mesh or by decreasing the tripping 
traction . Including hourglass control did not decrease the effect sufficiently either. Thin 
shell elements (1 /10 of the bulk. adhes ive th ickness) of the same material properties were 
hence placed on top of the continuum elements along the fracture plane to avoid this 
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effect. Shell elements were used because they are accurate in bending and did not affect 
the stresses at the interface significantly. It was seen that this approach could be 
successfully used to avoid hourglassing in the continuum elements at the interface 
(Figure 5 .16c and 5.1 7). 
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Figure 5.17 Load-displacement curve for fracture of adhesive bulk DeB specimen 
A mesh generator (MeshGenl .exe and MeshGen2.exe, Appendix 5.2 and 5.3) was 
developed to generate the CZM elements and shell elements. The input to the mesh 
generator was the input file created when defining a model in ABAQUS CAE. The node 
numbers and corresponding coordinates were saved in vector form when running the 
programme. The vectors were then put through a function that searched for coincident 
nodes, which where defined as a CZM pair. Spring elements were then set to span 
between these nodes . The nodes defined as being part of a CZM pair were then used to 
define the shell elements on the adhesive side of the failure plane. 
5.2 Approach to include residual strains 
Thermal strains are induced in bonded joints due to the thermal mismatch of the substrate 
material and the adhesive. Swelling strains arises when the joints are exposed to moisture, 
because the adhesive swells upon moisture ingress. 
So far at the University of Surrey, both the thermal and the swelling stresses have been 
included in the modelling through the thermal expansion material property. This is a 
versati le approach if the material properties are linear as only the end state matters. 
However, this approach cannot be used if creep is modelled at the aging temperature as 
the analysis becomes history dependent. A more explicit way to include the residual 
strains was developed which allowed residual strain to be incorporated with non-linear 
material properties and creep. 
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The coefficient of expansion can be defined in ABAQUS in the UEXP AN subroutine. 
The thermal conductivity is several orders of magnitude higher than the coefficient of 
diffusion of moisture. The thermal distribution was therefore modelled to be uniform 
throughout the joint (steady state). The thermal strains were introduced through the 
introduction of a field variable, which represents the temperature. The thennal strains 
were proportional to the temperature field and the thermal coefficient mismatch. The 
moisture concentration was modelled through a transient analysis. The swelling strains 
were modelled as proportional to the moisture concentration. The total residual strain at 
material point was thus 
e ruidwIl = a IJtmIIIIl x (T - Tg ) + a.,.,lltIw x C 
where T is the temperature and C the moisture concentration at a material point 
In the fully coupled thennal stress analysis carried out the unifonn temperature field was 
represented by field variable 1 (FVI). The diffusion of moisture into a material can be 
modelled with the same equation as the thermal conductivity, as realised by Fick. 
Thermal conduction is implemented in ABAQUS and the moisture distribution at a 
certain time was thus determined using a thermal analysis. The increment in residual 
strain should be defined in the UEXP AN subroutine, rather than the absolute value. The 
following expression is thus defined in the subroutine, where AT actually represents Ac. 
The subroutines have been verified by analysing several benchmark models. One element 
models using the thermal expansion material property was compared with models using 
the UEXPAN routine (linear material properties). Both models gave the same result. The 
subroutine developed is given in Appendix 5.4. 
6.3 Dlffu8ion 
For simple geometries the analytical solution ofFick's second law can be used to predict 
the moisture distribution in a joint. In more complex geometries the differential equation 
has to be solved numerically. The heat transfer equation is given below: 
where T is temperature. 
The heat transfer equation is equivalent to Fick's second law (equation 3.2) if the thennal 
conductivity (l) is set to the diffusion coefficient and the specific heat (cy ) and the density 
(P) are set to 1. A heat transfer analysis, which is fully implemented in ABAQUS, can 
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hence be used for diffusion in the adhesive for joints with non-permeable substrates. 
However this approach does not account for joint with permeable substrates where the 
saturation level in the adhesive and the substrate differ. 
5.3.1 Diffusion in composite joints (mass transfer) 
The saturation moisture content and the diffusion coefficients are different in the 
composite and the adhesive. This implies that the diffusion cannot be modelled a a heat 
transfer analogue. Hence, the moisture ingress was modelled with a mass diffusion 
analysis which allows for varying solubility of the diffusing substance in the different 
materials. The degree of freedom in the model at the nodes is the normalised 
concentration. The normalised concentration is hence continuous across the dissimilar 
materials that share nodes but the actual concentration is discontinuous. 
Benchmark 
Analyses were undertaken of different materials to investigate further the effect of 
different solubility. 
Adhesive Composite Adhesive 
Figure 5.18 chematic figure of a benchmark for diffusion with materials of dissimilar solubility 
The diffusion coefficient was set to 1 x l 0-6 mrn2s·1 for all analysis. The parameters and 
analysis types can be seen in Table 5.1 
T a ble S. l Diffusion benchmark models 
Model 
I 
2 
3 
Analysis 
Heat transfer 
Mas diffusion 
Mass diffusion 
Adhesive relative solubility 
10 
10 
10 
14 
Composite relative solubility 
10 
10 
1 
7 
~ 6 
c 
.Q 
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ai 
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Figure 5.19 Showing the results from the different d iffusion models 
In practice the solubility in the composite and the adhesive are similar. However, if the 
solubility were significantly different in both materials it would be important to account 
for this characteristic as seen in Figure 5.19. The flux of moisture through a material is 
determined by the solubility, so even if the diffusion coefficient in the substrate material 
was much faster then in the composite, this would not contribute significantly to the 
moisture content in the adhesive jfthe solubility in the adhesive was much higher than in 
the composite. 
When using a mass diffusion analysis the concentration has to be converted to a format 
that can be read into the subsequent stress analysis (text file or temperature data). This 
can either be done by converting the data to a text file or by converting the data into 
temperature data in the results file output format (Appendix 5.5). 
5.3.2 Stress or strain dependent diffusion 
The faster diffusion observed when a material is stressed is due to the increased free-
volume, as seen in Section 2.1.2.3. The change in free-volume is equal to the volumetric 
strain. Hence, when modelling stress or strain dependent diffusion the diffusion 
coefficient can be set to be dependent on the volumetric strain: 
LlV 
- =8 +8 +8 V ' T • 
o 
This can be achieved by defining a solution dependent field variable as the volumetric 
strain by using a USFLD FORTRAN subroutine (DiffVoIStrain.for, Appendix 5.6) in a 
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coupled stress-diffusion analysis. Several simple bench mark models with uniform strain 
and with strain gradients were undertaken to verify that the routine worked as expected. 
6.4 Stress enhanced degradation 
A chemical reaction can often be described by a first order equation. The degradation due 
to stress was thus included in the following manner: 
dS 
--=AXCXCTXS 
dt 
where A is a constant, C the moisture concentration and S is the stress degraded retained 
strength ratio and q is equivalent stress. No stress dependent degradation was assumed to 
occur if the stress was below a threshold stress (tTt), in accordance with what is usually 
the case for fatigue testing. 
The rate of degradation for the thennodynamic displacement and wet adhesion 
degradation was assumed to be much faster than the moisture ingress and could hence be 
related directly to the moisture concentration. The equivalent moisture concentration (Ceq) 
which takes both moisture and stress dependence into account was thus postulated as: 
C .. =c+{l-S)x(c...., -c) 
where c is the moisture concentration and CId is the saturation content after aging in water. 
When there are no stresses in the joint, 8=1 and Ceq=C. In the case where stresses are 
present in the joint during aging then Ceq increases faster than c to a limit value of C,m. 
No temperature dependence has yet been included as the stress dependency was 
considered at only one temperature. (It would probably be appropriate to assume an 
Arrenhius type dependence for the stress enhanced degradation due to temperature.) 
This was implemented by undertaking a fully coupled stress-diffusion analysis in which 
Ceq was obtained by using a USFLD routine (StressDeg.for, Appendix 5.7) in which S 
was calculated at each integration point using the following recursion algorithm: 
dS 
St+1lt = St + IlJ x -dt 
A post processing program (EnhancedTransfer.exe, Appendix 5.8) was developed to be 
able to transfer the enhanced degradation parameters to a subsequent failure analysis. In 
the failure analysis the eZM parameters were set to be a function of the Ceq instead of c. 
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Various simple bench mark models were analysed for models with a uniform stress and 
for models with a stress gradients to verify that the subroutines work as expected. 
6.6 Cathodic delamination 
There were signs of corrosion on the substrates and debonding of the adhesive before 
testing on some of the joints. This might be due to an electrochemical process, as 
described, in Section 4.2.2.4. 
Where cathodic delamination has been modelled in this thesis, delamination was set to 
occur when the adhesive had experienced a critical moisture content for a certain period 
of time. After de-lamination has occurred the diffusion coefficient was set to be very fast 
at the point in question, thus moving the boundary conditions forward. A field variable 
was also set to indicate that delamination has occurred. The parameters are the critical 
moisture content above which de-lamination occurs and the time for de-lamination to 
occur after this level has been achieved (delay time). This was implemented using the 
USFLD routine (CathodicDel.for, Appendix 5.9) in a diffusion analysis. 
A post processing programme (CathodicTransfer.exe, Appendix 5.10) was developed to 
be able to transfer the de-Iamination parameters (moisture concentration and de-
lamination flag) to a fililure analysis as only nodal temperature (in the form ofa text file) 
can be read as a field in the subsequent fililure analysis. In the fililure analysis the CZM 
strength. was set to zero at material point where delamination had occurred, elsewhere the 
CZM strength. was dependent on the moisture concentration. 
Simple bench mark models with different critical moisture contents and delay times were 
undertaken to check that the subroutine worked as expected. 
6.6 CZM in conjunction with cohesive failure 
The fililure mode in bonded joints is often <apparent interfacial' close to the overlap edge 
and then becomes cohesive. An initial study of a SU was thus undertaken to investigate 
this effeet by combining an interfacial failure model (CZM) and a cohesive failure model. 
The modulus and the Poisson's ratio of the substrate were 68400 MPa and 0.4 
respectively. The stress strain curve obtained by testing the adhesive EA9321 (Figure 
3.27) was used in the model of the adhesive layer. 
When a eZM model was used in conjunction with adhesive plasticity with a relatively 
high tripping traction in relationship to the ultimate yield stress of the adhesive, crack 
arrest occurred after intedacial crack growth close to the edge, for some joint 
configurations. This was due to the filet that the joint experienced gross plastic 
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defonnation and that the tripping traction was not reached. The failure was however 
governed by the initial interfacial failure. 
The cohesive failure was modelled using a ' shear failure' model. The adhesive layer 
undergoes plastic defonnation until a critical strain is reached, when failure occurs and 
the element is removed. The interface strength was modelled with a traction-separation 
law as outlined in Section 5.1. The modelled failure is shown in Figure 5.20 and 5.21. 
Figure 5.20 shows the initial interfacial and subsequent cohesive failure. In Figure 5.21 
the subsequent cohesive failure through the joint is shown. 
COhe . ... fIIltre 
Figure 5.20 Change offailure locus as the crack grows through the overlap 
Figure 5.21 Showing the failure path through a joint were the both interfacial and cohesive failure ha been 
defined 
Various analyses were carried out with different magn itudes of the critical plastic strain. 
The tripping traction and the fracture energy were set to 50 MPa and 1 kJm-2 respectively. 
If this critical plastic strain value was set too low the fai lure was entirely cohesive. If a 
crack was allowed to grow initially at the interface, the failure load was seen to be 
independent of the critical plastic strain (Figure 4.51) as the failure load of a SLJ is 
governed by the initial crack growth . 
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Figure 5.22 The effect of the fai lure strain in the cohesive failure model on the load-displacement curve 
The failure load was consistent with the maximum load obtained from the model with 
adhesive plasticity without an incorporated failure model. 
5.7 Composite failure 
There was composite failure (delamination) in some of the DLJ joints on the tension side 
as seen in the Figure 5.23 . 
Figure 5.23 Fai lure surface for one of the dry DLJ joint 
The fracture energy as a function of mode mixity for the composite has been determined 
by Krueger et al. (2003) as seen in the experimental section (Figure 3.34). The fracture 
energy was relatively low in pure mode I, this may explain why some composite failure 
occurs on the tension side of the joint. 
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A mode dependent CZM element was implemented in ABAQUS 6.5. However, to be 
able to predict the failure, the tripping traction has to be known. A low tripping traction 
(25 MPa) was assumed in the nonnal direction and a high value in the shear direction 
(200 MPa). The joint results are shown in figure 5.24. The interfacial CZM parameters 
derived from the MMF (section 8.2.2) were assumed for the upper interface and through 
the fillet whereas the lower composite interface was modelled with a mode dependent 
composite CZM model as outlined above. The adhesive continuum was modelled with 
the plasticity model define in Section. 8.2.2 and the material properties for the substrates 
were given in Table 7.2 and 7.3 . The smallest and largest elements were 0.06xO.06 mm 
and 0.7xO.7 mm respectively. Four noded plane strain elements with reduced integration 
were used . 
Figure 5.24 The figure shows that the failure path shown in Figure 5.23 can be modelled (red indicates a 
failed element) 
As seen in Figure 5.24, the modelled failure path was very similar to the experimentally 
observed failure mode. In both the numerical simulation and in the test specimen the 
crack first went through the fillet, followed with a limited amount of composite 
delamination and then finally at the upper adhesive-aluminium interface again. 
5.8 Conclusions 
Various approaches for implementing a CZM through a traction-separation law have been 
verified. An approach to extend the models to 3D was also developed by introducing 
shell elements at the failure plane to avoid hourglassing when using reduced integration 
elements for the adhesive continuum. The CZM elements result in mesh independent 
results when used in the correct domain. When using adhesive plasticity the failure load 
was seen to be dependent on both the initial yield stress and the hardening of the adhesive 
as different amount of plastic dissipation took place for the different models . A cohesive 
zone model was seen to be a powerful tool when modelling the failure of adhesively 
bonded structures. 
154 
Chapter 5 Development of FE modelling techniques 
A technique to include the thennal and the hygroscopic residual strains in the modelling 
when using time dependent mechanical properties at the aging temperature was 
developed by defining the total residual strains in a UEXP AN routine. 
Fickian moisture diffusion in adhesively bonded structures could be modelled either by a 
heat transfer or a mass diffusion analysis. A technique to include the effect of loading on 
the rate of moisture ingress was also developed by setting the diffusion coefficient 
dependent on the volumetric strain defined in USFLD routine. . 
Models to simulate cathodic delamination was implemented by undertaking a diffusion 
analysis where certain de-lamination criteria where checked in a USFLD routine. The de-
lamination data were then fed back from the subroutine to the analysis and the diffusion 
properties were a function of these. Stress enhanced degradation was implemented in a 
similar way, undertaking a fully coupled diffusion-stress analysis. 
The failure load for a SLJ was seen to solely be dependent on the initial interfacial failure 
and not on the subsequent cohesive failure when modelling the cohesive failure with a 
shear failure model and the interfacial debonding with a eZM. 
Finally a technique to model composite delamination was developed by using a mode 
dependent eZM. This model was used in conjunction with the interfacial eZM to model 
the failure path through the DU. 
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Chapter 6 
Modeliling of joints bonded with AV119 
The behaviour and progressive damage of adhesively bonded joints can be sucessfully 
modelled with a cohesive zone model (Section 2.5). In an adhesively bonded joint, 
residual strains are induced due to the mismatch of coefficients of thermal expansions 
between the adhesive and the substrates when cooled down from the curing temperature 
and due to the hygroscopic swelling of the adhesive upon moisture ingress. Previous 
work at University of Surrey had neglected these strains. The aim of the work reported in 
this chapter was to determine the effect of residual strains on the progressive damage 
modelling of environmentally degraded joints. 
6.1 Modelling approach 
The A V l19-steel interfacial strength and the A V 119 bulk properties are dependent on the 
moisture concentration. Except when modelling the creep (time dependent material 
behaviour), the diffusion analysis and the stress analysis (including progressive failure) 
can be modelled sequentially as they can be considered to be uncoupled processes. When 
creep is included, a fully-coupled stress diffusion analysis has to be undertaken as the 
stresses (and hence the creep strain rate) change during the period of exposure. All finite 
element analyses (FEA) were carried out using the commercial finite element software 
ABAQUS (Hibbitt, Karlsoon & Sorensen, Inc). 
The moisture dependent interface strength was simulated with a CZM model. The CZM 
was implemented in the FEA by use of a user defined element (DEL). Both normal and 
tangential separations were accounted for and the fracture energy was assumed to be the 
same in both modes. The traction-separation law used for the element is shown in Figure 
5.1. This law is defined by two parameters: the fracture energy (I) and the tripping 
traction (Utrip). The traction between the nodes at the interface increases with increasing 
separation (0) between the two nodes, until a critical value of the traction (utrlp) is reached. 
Then the traction decays with a further increase in separation. When the specified fracture 
energy is absorbed in the element the rupture displacement (drelease) is reached. At this 
point the connecting traction has decreased to zero and the crack propagates. Further 
details of the element can be found in Section 5.1. 
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The adhesive mechanical properties and the interfacial strength were both defined as 
functions of the predicted moisture concentration. The moisture profile at a given time 
was obtained by using the experimentally detennined diffusion parameters in a transient 
diffusion analysis. 
Initially, the cohesive zone parameters were detennined by correlating the initial failure 
load from the MMF specimen for various moisture levels (Section 3.1.6), without 
including the residual strains explicitly in the FEA model. The detennined parameters 
were then used in a model of the NCA test (Section 3.1.6) to predict the failure strains of 
this joint configuration. Following this, the residual strains were explicitly incorporated 
and the cohesive zone parameters were detennined again, by correlating against the initial 
failure load of the MMF specimen. In these latter analyses the use of creep material 
models for the adhesive was investigated. 
6.2 Modelling with no residual strains 
In the following section the determination of the CZM parameters for various moisture 
levels and the subsequent prediction of the NCA specimens were employed without 
explicitly taking the residual strains into account in the modelling. 
6.2.1 Determination of the CZM parameters for various moisture 
levels 
In the finite element modelling of the MMF specimen, 4-noded plane strain elements 
were used as the adhesive layer was constrained in the width direction by the substrates. 
The mesh used is shown in Figure 6.1. The maximum and minimum element sizes used 
were 2x2 mm and 0.25xO.l mm, respectively. The moisture profile was determined by 
the sum of two transient FE analyses, using the experimentally determined diffusion 
parameters for the 0.8 mm film as discussed in Section 3.1.1 and given in Table 3.1. This 
moisture profile was then used to determine the appropriate moisture dependent adhesive 
continuum and cohesive zone elements properties. eZM elements were introduced along 
the crack path between the upper substrate and the adhesive layer. The eZM element 
properties were set as a function of the moisture content at the interface. A Young's 
modulus of 207GPa and Poisson's ratio of 0.33 were used for the steel while the moisture 
dependent mechanical properties used for the adhesive layer are shown in Figure 3.4. 
The process zone refers to the number of elements that are unloading near the crack tip at 
a given time. It was found that the failure load for the joint was not strongly dependent on 
the tripping traction if the process zone was more than a few elements. The failure load as 
a function of tripping traction for various values of rupture energy is shown in Figure 6.2. 
As the tripping traction was increased the PZL became small and the solution approached 
LEFM. However, a point was reached when the predicted failure load increased sharply 
with increasing tripping traction. This was when the process zone was less than the 
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element length and hence became discontinuous. The failure load was now dominated by 
the tripping traction and not by the fracture energy. This has been termed the tripping 
traction dominated region and it is not appropriate to use the CZM in this region. This has 
been discussed more extensively in Section 5.1.2. 
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Figure 6.1 The mesh and the boundary conditions used for the MMF test: (a) Whole model (b) 
Magnification of the mesh around the bondline. 
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Figure 6.2 Determination of the CZM parameters by correlationship of the fai lure load of the MMF 
specimens (horizonta l lines) with the FEA model predictions (lines with symbols). 
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The eZM parameters were determined by correlating the failure load at the initial crack 
length for the MMF specimens with the failure loads predicted by the FE model. The 
parameters were selected as those that made the injtial experimental failure load 
consistent with the numerical result for a given moisture concentration at the interface 
(Figure 6.2). These were within the mesh independent region as defmed in Section 5.1.2. 
Within this region there are a range of tripping tractions and fracture energies that will 
predict the experimental failure load. The tripping traction used in this study were 
sufficiently high to obtain a response close to LEFM, but not so high as to be operating in 
the tripping traction dominated region. 
The response of the subsequent crack growth in the MMF specimens was predicted using 
the detennined parameters. The predicted behaviour was compared with the experimental 
data in Figure 6.3, where the good correlationship was clear. 
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Figure 6.3 MMF test results and simulations (without residual strains) at various levels of interfacial 
moisture content. 
6.2.2 Failure prediction of the NCA specimen at various moisture 
levels 
The critical strain at which debonding initiated was recorded for a range of interfacial 
moisture levels (the experimental details are given in Section 3.1.6). 
The FE mesh used is shown in Figure 6.4. The smallest elements along the interface were 
O.025 x O.025 mm to ensure that the parameters used were within the energy controlled 
region. The initial crack length was 2.5 mrn and a predefined crack path was generated 
along the adhesive-substrate interface. The interface was modelled with moisture 
dependent eZM elements. The parameters for these elements were those obtained from 
the MMF calibration and shown in Figure 6.2. The moisture concentration in the adhesive 
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layer was obtained from transient diffusion analyses using the experimental diffusion 
parameters for the 0.4 rnm adhesive film (Table 3.1), as outlined in Section 3.1.1. 
(a) 
)-~ [)-~ / r- / 
/ ""V ""V 
(b) 
Figure 6.4 The mesh and the boundary conditions used for the NCA test: (a) Whole model (b) 
Magnification of the mesh around the bondline 
The moisture concentrations, from the diffusion analyses, corresponding to given periods 
of exposure, were then used to determine appropriate moisture dependent adhesive 
continuum and CZM element properties used in the stress and failure analysis. The 
adhesive layer and the steel substrate were represented with 4-noded plane strain 
elements. A Young's modulus of 207GPa and Poisson 's ratio of 0.33 were used for the 
steel while the moisture dependent modulus shown in Figure 3.4 was used for the 
adhesive layer. The model was loaded in displacement control. 
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Figure 6.5 NCA test results and predictions obtained by not including the residual stresses 
The progressive damage modelling was seen to give an accurate prediction of the 
experimental results. After the initial debonding, the simulated crack propagation was 
very fast. This was also observed experimentally. The adhesive strain at the crack tip was 
not reduced when the adhesive layer debonds. This implies that, when the failure initiates, 
the debonding of the adhesive layer is catastrophic as the strain energy release rate 
remains constant with crack length. This fonn of response was also observed 
experimentally. The elements ruptured progressively from the crack tip. The experimental 
resuJts for various interfacial moisture concentrations are compared with the predicted 
resuJts in Figure 6.5. 
6.3 Modelling including residual strains 
The strains that resuJt from the cooling after cure can be estimated by mUltiplying the 
mismatch in coefficient of thermal expansions with the temperature difference between 
the stress free temperature and the test temperature (Table 3.6). This resulted in a strain of 
about 0.35%. The swelling strains in the adhesive were about 1 % when saturated in 
water (Table 3.1). The mechanical failure strains for the NCA specimen were about 4% 
and 1.2 % for dry and for water saturation conditions respectively (Section 3.1.6). The 
thermal and swelling strains were hence seen to be significant in comparison with the 
applied mechanical failure strains. Thus, to make the simulation more reali stic, thermal 
and swelling residual strains were included in the FE modelling. 
6.3.1 Linear elastic adhesive continuum model 
The total residual strains (RS) at a material point at the end state can be determined in 
two analysis steps using the coefficient of ' thermal ' expansion if no time dependent 
material properties are included. In the first step the residual strains due to the cooling 
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from the stress-free cure temperature (TsFf = 90°C) were accounted for and in the second 
step swelling due to moisture ingress was modelled. The end result gives the total 
residual strain distribution in the materials. TSFT and the coefficients of thermal expansion 
and swelling were obtained from the experimental work outlined in Section 3.1.5. The 
coefficient of thermal expansion for the steel substrate used throughout the modelling 
was 1.12x 10-5 K-1• 
The same approach (as seen in Section 6.2) was used to determine the ClM parameters 
for various moisture levels. This time the residual strains were included, as described 
above. The determination of the ClM parameters for the dry MMF was straightforward. 
For moisture levels (>3 %) the residual strains were high and problems were encountered 
when determining the ClM parameters. 
The ClM used was defined by two parameters (the energy absorbed upon failure and the 
tripping traction when the element starts to unload). When the tripping traction was small 
enough to ensure that the model was within the energy controlled region, the element was 
tripped by the residual stresses, before any mechanical load was applied. Clearly this did 
not happen in the experimental work. A higher tripping traction could be used with a 
finer mesh, however a higher mesh refmement would result in higher stresses close to the 
crack tip causing the element to trip. Thus the ClM properties could not be determined 
for high moisture levels. The prediction of the failure strains of the NCA specimens at the 
moisture concentrations where the ClM parameters could be determined are shown in 
Figure 6.6. It can be seen that the prediction was worse using this modelling approach 
than when neglecting the residual strains. 
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Figure 6.6 NCA test results and predictions without and with residual strains 
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Figure 6.7 Stress across the adhesive thickness in the NCA specimen caused by: thermal strains following 
curing, swelling strains following ageing in water and mechanical strains following the application of load 
(20°C, no creep) 
The tractions at the interface in the NCA specimen (with no CZM element) were 
therefore investigated. The modelled stresses across the adbesive thickness caused by 
thermal contraction, swelling and mechanical loading for a high moisture content are 
shown in Figure 6.7. It can be seen that the initial thermal strains caused a tensile stress in 
the adbesive. When the swelling strains were applied (in addition to the thermal strains) 
the adhesive stress became compressive (and higher in magnitude that the original 
thermal stresses). When the mechanical strains were applied (in addition to the thermal 
and swelling strains) the stresses became tensile again but were much smaller than the 
stresses caused by swelling. This indicated that the joint ought to have failed under the 
action of either the thermal or swelling strains before the mechanical strains were applied. 
However, this did not occur, in practice and to fail the sample an external load had to be 
applied. Clearly these predictions do not correspond with the observed behaviour. The 
level of stresses in Figure 6.7 suggested that creep may occur in the adhesive. Hence, 
modelling of the time dependent material behaviour was undertaken to determine the 
extent of stress relaxation during the ageing process. 
6.3.2 Time dependent adhesive mechanical properties when saturated 
in water at 50 0 e 
In order to check the consistency of the creep parameters the stress relaxation test, 
discussed in Section 3.1.4.2 was modelled in FEA using the parameters derived from the 
creep test (Section 3.1.4.1). A region, 30 mm long and 5 mm wide, representing the 
parallel gauge length of the dumbell specimen was meshed using 4-noded, plane stres 
elements of size 0.5 xO.5 mm. The Young's modulus and the Poisson 's ratio were set to 
be 1000 MPa and 0.4, respectively (Figure 3.4). The displacement was ramped rapidly 
until the stress reached the required value (6 or 10 MPa). The displacement was then held 
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constant and the specimens were allowed to undergo stress relaxation (using the VISCO 
option in ABAQUS). The prediction correlated well with the measured behaviour of the 
adhesive as shown in Figure 6.8, providing confidence in the material model parameters. 
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F igure 6.8 Stress relaxation test results and FEA predictions using th e parameters derived from the creep 
test. 
6.3.3 Time dependent adhesive mechanical properties when saturated 
in 9S.8%RH at sooe 
The NCA specimens were saturated at 95 .8%RH at 50°C. The validity of the creep 
parameters (obtained from full immersion at 500C) in this environment was investigated 
by employing a fully coupled diffusion-stress analysis for the bi-material beam aged at 
95 .8%RH and 50°C and described in Section 3.1.5. 
In a transient analysis, with moisture, and with different aging and testing temperatures 
and time dependent material properties, it is not possible to use superposition for the 
residual strains (as was the case in Section 6.2). Instead, the residual strain was defined in 
ABAQUS using the UEXPAN subroutine, as described in Section 5.2. The thermal 
conductivity is several orders of magnitude higher than the coefficient of moisture 
diffusion. The temperature distribution was therefore, modelled as being uniform 
throughout the joint (steady state) and proportional to the temperature field and the CTE. 
The moisture concentration was modelled using a transient analysis. Fully coupled plane 
stress moisture elements (CPS4T) with three degrees of freedom (displacements and 
temperature) and 4 nodes were used (0.1 xO.08 mm). The mesh can be seen in Figure 6.9. 
The moisture and temperature dependent elastic modulus of the adhesive, shown in the 
Figure 3.1d, were used and Poisson 's ratio was set to 0.4. The elastic modulus for the 
steel was 207GPa and the Poisson's ratio was 0.33 . The beam was 100 mm long. The 
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thicknesses were 0.2 and 1.0 mm for the steel sheet and the adhesive, respectively. The 
diffusion properties used were those obtained from gravimetric measurements on the 2 
nun thick bulk specimens, Figure 3.3 and Table 3.1. 
111111111111111111111111111111111111111111111111111111111111111111111111111111111 !IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
Figure 6.9 Part of the mesh u ed for the bi-material beam (yellow represents adhesive) 
The modelling was divided into four steps (Figure 6.10). The first step consisted of 
cooling from 90 to 20°C, representing cooling down from the stress-free temperature 
after curing. In the second step the specimen was heated to 50°C (the temperature of the 
ageing environment). During the third step a transient fully coupled diffusion-stress 
analysis was employed, representing the combined ingress of moisture and stress 
relaxation. Creep was included in the modelling during this step. The last step represented 
the final cooling to 20°C, where the specimen was removed from the environmental 
chamber and the strip curvature (deflection) was measured with an LVDT. 
The creep parameters were set to vary linearly with the moisture concentration between 
the dry and the fully saturated values. Initially, the analysis was undertaken without any 
creep behaviour. Then the analysis was repeated using the creep data obtained from the 
specimen aged in water as the fully saturated parameters, (Section 3.1.4.1). Finally, 
several analyses were carried out with different fully saturated creep parameters to obtain 
the best fit to the experimental data for the bi-material beam in the 95.8%RH 
environment. 
Step 1: Cool dCMll1 to 200c 
Step4: Final cool dCMll1 to 200c 
Step 0: p.J 9O"C (SFT) 
Step 3: Ageing at 5O"C Ongress ol moisture) 
Figure 6.10 Modelling teps of bi-material beam (IO times magnification of the displacements at the end of 
each step in the vertical direction) 
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Figure 6.11 Experimental results for a bi-material beam in 9S.8%RHJ50°C and predictions using various 
material models for the adhesive 
The different analyses are compared with the experimental results in Figure 6.11 . From 
the modelling it can be seen that when creep was not included, the reduction in deflection 
from the dry state was overestimated, as the large swelling strains causes the bi-material 
beam to bend in the opposite direction to the strains due mismatch of coefficient of 
thermal expansions. Using the creep parameters obtained from the samples saturated in 
water underestimated the reduction in the deflection as the stresses in the outer wet 
regions relaxed totally whereas the strains in the inner dry region were virtually 
unaffected due to the low creep in the dry state. The best fit creep parameters for the 
95 .8%RH environment are presented in Table 6.1. The creep strains in the different 
environments are compared in Figure 6.12. 
1.8 
1.6 
1.4 
l1 .2 
c 
'j!! 
'lii 
Q. 0.8 
5 0.6 
0.4 
0.2 
o 
11:.-___ ,
1 
II 
II 
II 
." 
5MPa 
10MPa -
.. -
.... ; .. 
...•.. .-' 
_.-
...... 
~ ---- 96% -- WATER 
,.-
.. ~ ... 
~~OO~~0--~100--~200~~~~~~-&O~-600~~700~~800~-~~1~ 
llme (minute) 
Figure 6.12 A comparison between the creep strain in the different environment at different sir levels 
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Table 6.1 Creep parameter for the adhesive saturated in at 95.8%RH at 500 e (Force (N), length (mm), time 
(s» 
A n m 
6.36x 1008 1.9 -0.35 
6.3.4 Including creep properties in the CZ modelling 
As outlined in Section 6.3.l, when adhesive creep was not included, the adhesive stresses 
in the NCA specimens were much higher after ageing than after the application of the 
mechanical load. Based on this, debonding should occur after ageing and before the 
application of the mechanical load. In practice, this did not happen. Debonding only 
occurred after the mechanical loading was applied. 
The same approach (used in Section 6.2 and 6.3.1) was used to detennine the CZM 
parameters for various moisture levels from the MMF test data. However the creep 
properties derived above were included. Unlike Section 6.3.1, there were no problems in 
detennining the CZM parameters as the stresses induced by the swelling relaxed 
significantly during the ageing period. The predicted failure strains in the NCA specimen 
where the residual strains and adhesive creep were included, can be seen in Figure 6.13. 
Once again the correlation was good over the entire range of moisture levels. The residual 
stresses were seen to relax significantly for the samples aged for a long time. The residual 
stress in the NCA specimens after 720 hours in the 95.8RH at 50°C can be seen in Figure 
6.14 and compared to the residual stress when no creep was modelled. This relaxation 
reduced the residual strains and hence their tendency to promote premature rupture of the 
CZM elements. 
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Figure 6.13 NCA test results and predictions obtained from various modelling appr aches 
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Figure 6.14 Residual stresses across the adhesive thickness after ageing the NCA specimen for 720 hours 
at 95 .8%RHl50°C (with and without creep effects). 
6.4 Conclusions 
MMF and NCA interfacial fracture tests were successfully used to characterise the 
degradation of the interface. Extensive finite element analyses of these two test 
configurations were carried out. These analyses incorporated a CZM to simulate the 
progressive interfacial failure. The moisture dependent CZM parameters were determined 
by correlating the predicted and experimental results of the MMF tests. 
When residual strains were not included explicitly, the FEA model was seen to simulate 
the observed behaviour ofMMF and NCAjoints accurately. 
Initial analyses including residual strains predicted unreasonable levels of stress in the 
joint following ageing. The residual stresses were seen to reduce significantly during 
ageing in a humid environment due to adhesive creep. Good predictions were obtained 
when this effect was included. 
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Chapter 7 
Assessment of the modelling assumptions for the joints 
bonded with FM73 
Cohesive zone modelling is CPU intensive and it is therefore convenient to model the 
joints in 2D if possible. Firstly, assessment of the diffusion in 2D-3D modelling was 
undertaken. Then stress analysis (linear material properties but non-linear geometry) was 
carried out to determine which joints 2D assumptions could be applied to without losing 
significant accuracy in the modelling. The residual stresses in the joints were compared 
with the mechanical stresses at the failure load to determine if these had to be included in 
the cohesive zone modelling. 
7.1 Assessment of the diffusion 
In this section the effect on the moisture concentration in the adhesive layer by modelling 
the joint in 2D or 3D is assessed. The effect of moisture transport through the composite 
substrate in the DLI is also assessed. The diffusion coefficients were determined 
experimentally as described in Section 3.2.3. The diffusion coefficients and saturation 
levels used for the adhesive and the composite in this chapter are summarised in Table 
7.1. 
Table 7.1 Diffusion parameters used 
IM718552 96%RH150"C 
FM73 96%RHl50"C 
FM73 Immersion 
70xlO·i4 
50.2xlO-14 
52.2xlO-14 
7.1.1 A comparison between 10 and 20 diffusion 
1.0 
2.2 
3.5 
The overlaps of the single and double lap joints were 12.Sx2S mm. Various diffusion 
analysis were undertaken to determine whether the ingress from the sides furthest apart 
could be neglected (the analysis technique is described further in Section 5.2). The mesh 
can be seen in Figure 7.1. The element size was O.2SxO.2S mm for most of the analysis as 
this was seen to give results consistent with a smaller mesh size (O.10xO.10) (Figure 7.2). 
Four noded linear heat transfer elements were used (DC2D4). The diffusion coefficient 
found for PM73 at the 96o/oIS00c ageing condition was used (Table 7.1). 
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t line of symmetry 
Figure 7.1 Showing the mesh u ed for the diffu ion analyses for compari on between lD and 2D diffusion 
(profile after 2 weeks with 2D diffusion model) [red dotted line shows the centre path] 
The moisture concentrations on the centre path (Figure 7.1) of the 1 D and 2D diffusion 
models are shown in Figure 7.2. The moisture profiles in the centre were very similar as 
the diffusion from the larger (neglected) dimension had not reached the centre, except at 
the longest aging time. The average moisture concentration along the overlap was 
determined with a post processing program (concAve.exe, Appendix 7.1). The average 
moisture concentration was found to be slightly higher. This is because higher moisture 
levels exist on the overlap edges which are not modelled in 1 D diffusion model. 
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Figure 7.2 Comparison between 1 D and 2D diffusion for a 12.5x25 mm overlap (impermeable ub trates) 
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7.1 .2 Effect on the moisture concentration in the adhesive due to the 
diffusion through the composite in the DLJ 
The effect of diffusion though the composite as well as the adhesive was then assessed. 
An analysis was employed in 2D using four noded heat transfer elements. Small elements 
were used (0.025xO.025) to assure a sufficient level of mesh refinement. The dimensions 
are given in Figure 4.1 c. Again the diffusion coefficient used for the composite was that 
determined experimentally in the 96%RHl50°C environment (Table 7.1). The relationship 
between the absolute saturation levels (weighted by the density) of the composite and the 
adhesive was 0.6 in this environment. This was not seen to have a big effect on the 
moisture profile in the adhesive as shown in Figure 7.3 (the analysis technique when 
using different saturation levels is explained in Section 5.3.1). There was however an 
effect of the permeable substrates on the moisture profile. This is explained schematically 
in Figure 7.4. On the compression side of the DLJ the moisture can enter the joint 
through the open end of the composite substrate. The diffusion in the direction parallel to 
the fibres was faster then the diffusion through the adhesive (Table 7.4). Hence, the 
adhesive moisture concentration increases as moisture in the composite permeates into 
the adhesive. On the tension side, on the other hand, the moisture ingress through the 
composite has to diffuse perpendicular to the fibres (Figure 7.3). The diffusion in this 
direction was lower than in the adhesive. Hence, moisture in the adhesive diffuses out 
into the composite which results in a lower moisture concentration on the tension side. 
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Figure 7.3 The effect ofpenneabJe substrates in the DLJ (365 da s) 
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Compression side Composite Tension side 
Figure 7.4 Schematic representation of the diffusion in the DLJ. The length of thc black arrows represent 
the relative magnitude of the diffusion coefficients. The red arrow indicates the direction of the 
interchange of moisture between the adhesive and the compo ite 
7.2 A comparison of adhesive stresses from 20 and 3D 
modelling 
In this section a comparison between the stresses from 2D and 3D models was carried out. 
Both stresses due to mechanical loading and residuals strains were considered. There are 
both thermal and swelling residual strains in a joint exposed to moisture. Thermal 
residual strains arise from mismatch of coefficients of thermal expansions and cooling 
from the curing temperature. Swelling residual strains were induced in the j oints as both 
the composite and the adhesive expand in the presence of moisture. The magnitudes of 
the residual stresses were compared with the mechanical stresses at the failure load to 
determine if the residual strains were significant. The approach used to model the residual 
strains is explained in Section 5.2. The stress distributions derived in this section 
represent the state at 20°C. The von Mises equivalent stress was used to compare the 
stress states. The specific formulation for this stress is : 
(7.1) 
The mechanical properties were determined experimentally, as described in Section 3.2.6. 
The moisture dependent mechanical for the adhesive used in this section is given in Table 
7.2. For the aluminium the modulus used was 68400 MPa and the Poisson 's ratio 0.33 . 
The mechanical properties used for the composite are given in Table 7.3 . The thermal 
expansion and the hydroscopic swelling coefficients for the adhesive were also 
determined experimentally as described in Section 3.2.4 and 3.2.5. These properties are 
given in Table 7.4 and 7.5. The stress free temperature (below which residual stresses are 
induced) for the adhesive was taken as 100°C (Section 3.2.5). 
Table 7.2 Moisture dependent mechanical properties for the adhe ive at 20°C 
Moisture content (%) E (MPa) v 
0.0 2000 0.4 
1.2 1700 0.4 
2.2 1S00 0.4 
3.5 1200 (extrapolated) 0.4 
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Table 7.3 Mechanical properties for the composite 
E11 (GPa) E]], E3J (GPa) G11• G13 (GPa) G23 (GPa) 
164.87 9.81 4.8 3.2 
Table 7.4 CTE for the materials 
Material 
Aluminium 
FM73 
IM7/85S2 
Table 7.5 CHE for the materials 
Material 
FM73 
IM7/8552 
7.2.1 NCA 
2.36xI0-S 
7.80xlO-s 
O.06xlO-s 
0.0021 
0.0 
2.36xlO-S 
7.80xI0-s 
2.86xlO-s 
0.0021 
0.0046 
VJ2 
0.52 
The interfacial fracture strength for joints immersed in water was determined from a 
NCA specimen (Section 3.2.7.3). A NCA specimen consists of an aluminium substrate 
coated with FM73. The geometry is given in Figure 7.5. The 20 noded brick elements 
(C3D20) were 0.25 xO.25 xO.25 mm and O.lOxO.1 OxO.l 0 for the coarser and the finer 
mesh respectively throughout the joint. The coarse mesh used for the 3D model is shown 
in Figure 7.6. Both mesh sizes gave consistent results (Figure 7.7). The coarser mesh was 
therefore used in most of the analyses. In Figure 7.6 the deformed shape of the NCA 
specimen under mechanical loading can be seen. 
3751: I 
FM73 
Aluminium I t 
: .. 
I 100 
Figure 7.5 The geometry of the NCA specimen (width 12.7 rnrn) (all dimension given are in mm) 
A comparison between the stresses in the middle of the bond-line at the centre and the 
edge of the 3D model were compared with plane strain and plane stress distributions 
(Figure 7.7). Four noded plane stress elements (CPS4) and plane strain elements (CPE4) 
ofO.25 x0.25 mm and O.10xO.1D mm were used. Both mesh sizes gave consistent results 
which indicate that the element size is small enough to pick up accurately the stress 
distribution in the specimen. The coating was constrained by the substrate against 
contraction in the width direction due to the higher Poisson's ratio of the polymer. Thus 
the stresses were slightly higher at the edge but the coating was relatively thick (0.6 mm) 
and was only constrained by the substrate on one side in the width direction. The plane 
stress assumption was therefore seen to represent the stress state in the NCA specimen 
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accurately (Figure 7.7) and can be used when modelling the progressive damage and 
crack propagation through the joint. 
centre (plane of synunetry) 
1 
Figure 7.6 The mesh and deformation of the NCA specimen due to mechanical loading (defonnation 
magnified 60 times) 
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Figure 7.7 Comparison between tresse in the adhesive in the NCA ecimen due to mechanical loading 
from 2D and 3D models 
When the cured assembly was cooled down from the curing temperature the coating was 
constrained by the substrate which induced residual tensile strains. The magnitudes of the 
thermal residual stresses are shown in Figure 7.8. When the joint was placed in the aging 
environment the thermal residual strains were reduced as the swelling strains counter the 
thermal strains. The stresses at saturation in water can be seen in Figure 7.8. A 
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comparison of the residual strains with the mechanical strains is also shown in Figure 7.8. 
It can be seen that the residual strains were not significant in relationship to the 
mechanical strains. Thus the residual stresses do not need to be included in the cohesive 
zone modelling of the NCA specimen. 
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Figure 7.8 Comparison between the magnitude of the stresses due to mechanical loading and residual 
stresse 
7.2.2 Aluminium SLJ 
The dimensions of the SLJ are given in Figure 4.1a. The mesh for the 3D analysis can be 
seen in Figure 7.9. 
~~~~~~$~~$~~~ 
Figure 7.9 Mesh used for the 3D model of the LJ 
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The smallest elements were 0.065xO.065 (O .0325 xO.0325) mm and O.065 xO.065 x0.25 
mm for the 2D and the 3D respectively. Eight noded bricks with reduced integration 
(C3D8R) and 4 noded elements were used in the 3D and 2D models respectively. The 
stresses in the middle of the bond-line due to mechanical load at failure are shown to 
Figure 7 .10. 
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Figure 7.10 Comparison of the stresses in the aluminium SLJ due to mechanical loading between 2D and 
3D (effect of adhesive 2D assumption, substrate plane strain) 
The equivalent stresses due to mechanical loading are smaller at the edge than in the 
centre as the load transfer through the joint is higher the centre. In Figure 7.10 the 
stresses at the edge and the centre for the 3D model are compared with equivalent 
distributions using plane strain and plane stress. 
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Lateral strains in the adhesive induce large normal stresses in the width direction at the 
overlap edges for the plane strain solution. This explains why the equivalent stresses are 
smaller at the edges for plane strain compared with plane stress (equation 7.1). 
The effect of plane strain/plane stress assumption for the substrate was then investigated 
(Figure 7.11). From the results it can be seen that there was not a big difference in the 
adhesive stresses. It can be concluded that the plane strain 2D models adequately 
represent the stress state in the centre of the joint. 
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Figu re 7.12 Comparison between the magnitude of the residual and the mechanical tre es in the 
aluminium SLJ (3D) 
The effect of the residual hygro-thermal strains in the SLJ was then considered. The 
residual stresses due only to the thermal strains and the total residual strains when 
saturated by immersion in water are shown in Figure 7.12. It can be seen that the residual 
stresses reduced when aged as the thermal strains by the swelling strains, were countered. 
The residual stresses are not seen to be significant in comparison with the mechanical 
load and thus do not have to be included in the cohesive zone modelling. 
7.2.3 MMF 
The dimensions for the MMF specimen are given in Figure 3.40.The residual strains in 
the MMF specimen were small because both substrates were of the same material 
(Section 7.2.1 and 7.2.2). Hence only deformations due to mechanical loads were 
compared. Two adhesive thicknesses were considered (0.] and 0.6 mm) representing the 
thickness of the dry MMF specimen (which was not secondary bonded) and the aged 
MMF specimen (where a thicker adhesive layer was used to retain the moisture in the 
coating during the secondary bonding). The mesh used for the 3D models is shown in 
Figure 7.13. The elements were 0.25 xO.25(0.1) mm in the 2D model and 
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0.25 xO.25(O.l O) xO. 7 mm in the 3D model (brackets indicate the mesh size in the 
adhesive layer used for the model with the thin adhesive layer). A fine mesh of eight 
noded first order reduced integration element (C3D8R) and eight noded second order 
elements were used in the 3D and 2D models respectively. A 2D analysis with a coarser 
mesh (0.5xO.5(O.1)) was also carried out to ensure that the results were mesh convergent 
(Figure 7.14). 
Figure 7.13 Mesh used for the 3D of the MMF specimen with a thick adhesive layer (an equivalent mesh 
wa used for the model wi th a thin adhesive layer) 
One of the CZM parameters (the tripping traction) was determined from the load-
displacement as described in Section 5.1.2. Thus it was appropriate to verify that the 
models used for the determination of the parameters were adequate. The load-
displacement curves obtained from various 2D analyses were compared with data from a 
3D analysis. The results can be seen in Figure 7.14. 
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It can be seen that plane stress clearly represented the 3D characteristics much better than 
plane strain for both the thin and the thick adhesive layers. This was due to the fact the 
substrates were subjected to a bending moment and were not constrained in the width 
direction. Thus a plane stress assumption represents the stress state much better than 
plane strain. Plane stress elements were thus used in the substrates. 
In Figure 7.15 the results obtained by assuming plane stress and plane strain in the 
adhesive layer (whilst assuming plane stress for the substrates) are shown. From the 
result it can be seen that plane strain gives a closer agreement for a thin adhesive layer 
whereas plane stress gives more accurate results for a thicker adhesive layer. The thinner 
adhesive layer is more constrained than a thicker adhesive layer and this explains the 
difference. 
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Figure 7.15 Comparison between 2D (assumption in the adhesive layer) and 3D on the overall load 
displacement cw-ves (plane stress used for the substrate) 
7.2.4 CompOSite SLJ 
The dimensions of the SLJ are given in Figure 4.1a. The mesh for the 3D analysis can be 
seen in Figure 7.16. The smallest elements were O.05 xO.05 (O.025 xO.025) mm and 
O.05 xO.05 xO.25 mm for the 2D and the 3D models respectively. Eight noded bricks with 
reduced integration (C3D8R) and 4 noded elements were used in the 3D and 2D models 
respectively. An orthotropic material model was used to model the unidirectional 
composite substrates. 
The stresses in the middle of the bond-line due to mechanical load at failure are shown in 
Figure 7.17. The equivalent stresses due to mechanical loading are smaller at the edge 
than in the centre as the load transfer through the joint is higher the centre. In Figure 7.17 
the stresses at the edge and the centre for the 3D model are compared with equivalent 
distributions using plane strain and plane stress . Lateral strains in the adhesive induce 
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large normal stresses in the width direction at the overlap ends for the plane strain 
solution. This explains why the equivalent stresses are smaller at the overlap ends for 
plane strain compared with plane stress (equation 7.1). The effect of substrate plane 
strain/plane stress assumption was then investigated (Figure 7.17). From the results it can 
be seen that there was not a significant difference in the adhesive stresses. It can be 
concluded that the plane strain 2D models adequately represent the stress state in the 
centre of the joint. 
Figure 7.16 Mesh used for the cfrp SU in 3D 
The effect of the residual hygro-thermal strains in the composite SLJ was then analysed. 
The residual stresses due only to the thermal strains and the total residual strains when 
saturated by immersion in water are shown in Figure 7.18. It can be seen that the residual 
stresses reduced when aged, which was due to cancelling of the thermal strains by the 
swelling strains. The residual stresses are not seen to be significant in comparison with 
the mechanical load and thus do not have to be included in the cohesive zone modelling. 
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7.2.5 Aluminium-composite DLJ 
In this section, stresses due to residual strains and mechanical loading in the DLJ are 
considered. The meshes for the 3D model used can be seen in Figure 7.19. The smallest 
elements were 0 .065 xO.065 mm and 0.065 xO.065xO.25 mm for the 2D and the 3D 
models. An analysis with a finer mesh (smallest elements 0.0325 xO.0325 mm) was also 
undertaken to check that the mesh refinement was accurate (Figure 7.20). E ight noded 
reduced integration elements (C3D8R) and four noded first order elements were used for 
the 3D and 2D models respectively. The joint dimensions are given in Table 4.1 c. 
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plane of symmetry 
Figure 7.19 Mesh used for the 3D model of the DLJ 
7.2.5.1 External mechanical load 
The stresses through the middle of the adhesive layer due to mechanical loads are plotted 
in Figure 7.20. 
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Both the peel and the shear stress were larger at the edge due to the mismatch in 
Poisson ' s ratios of the substrates. Three different 2D models were considered : plane 
stress in the whole joint, plane strain in the whole joint and plane stress in the substrate 
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and plane strain in the adhesive (plane stress-strain). Both models with a plane strain 
assumption for the adhesive were seen to give a good correlation with the 3D model at 
both the compression and tension side at the centre of the joint. The plane stress model 
overestimated the stress at the tension side. Higher stresses are seen on the compression 
side as the modulus in the loading direction is lower for the aluminium then for the 
composite. 
7.2.5.2 Residual stresses 
The stresses induced when the specimen was cooled from the curing temperature can be 
seen in Figure 7.21. The stress state was very similar at the edge and in the centre of the 
joints as the coefficient of thermal expansion for the both substrates was very similar in 
the width direction (Table 7.4). This results in a state of plane stress . The plane strain 
analysis overestimates the thermal residual strains as the adhesive cannot contract in the 
width direction as it does in the 3D situation. The adhesive plane strain substrate plane 
stress model gives the best approximation as the substrates are not constrained in the 
width direction but the adhesive was constrained by the substrates. 
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The residual stress was then determined after 84 days of aging in the 96%RHl50°C 
environment, as seen in Figure 7.22. The stresses through the centre of the joint are 
dominated by the mismatch of coefficient of thermal expansion in the overlap direction. 
However, the stresses at the edge increase as the composite swells in the width direction 
which causes higher strains in that region as the aluminium substrates do not change. The 
peak stresses in the centre of the joint could be modelled fairly accurately by plane stress 
whereas the peak stresses at the overlap edges were closer to the plane strain and plane 
stress substrate plane strain adhesive. 
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This remained the case after saturation in the 96%RH environment as shown in Figure 
7,23. 
Stress relaxation of the residual stresses 
A coupled diffusion -stress analysis, where creep was included during aging at the 
elevated temperature, was carried out in 2D (the analysis technique is described in detail 
in Section 5.2) to investigate if the residual stress relaxed significantly during aging. The 
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creep properties were as derived experimentally (Table 3 .13). The residual stresses are 
seen to reduce to about half of the magnitude obtained when creep was not included. 
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Figure 7.24 Evolution of residual stresses (creep, plane strain) 
Plane strain is seen to represent the stresses due to mechanical loading fairly accurately. It 
can be concluded that residual stress has to be included in the cohesive zone modelling. 
Even when creep is included the residual stresses are significant in comparison with the 
stresses due to mechanical loading. The thermal residual strains were overestimated when 
a plane strain was used but the peak stresses for the aged specimens do correlate quite 
well with the 3D model. Thus the best 2D assumptions for the DLJ is plane strain . 
7.3 Conclusions 
There was not a significant loss of accuracy when the diffusion in the lap joints was 
modelled in 2D. 
The residual stresses in the NCA specimen were small in comparison with stresses at the 
failure strain and thus do not have to be included in the progressi e damage modelling. 
Plane stress was seen to represent the stress state in this joint accurately. 
Plane strain was seen to represent the stresses in the lap shear joints due to mechanical 
loading accurately. The residual stresses in the single lap joints were not significant in 
comparison with the stresses at the failure load and do hence not have to be included in 
the cohesive zone modelling. 
The residual stresses in the DLJ are significant and should be included in the cohesive 
zone modelling. Plane strain correlates well with the maximum stresses for the aged 
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joints but overestimates the stresses slightly for the dry state. Plane strain is hence the 
most accurate 2D assumption for the DU. 
The MMF joint substrate should be modelled with plane stress and the adhesive with 
plane strain or plane stress for the thinner and thicker bond-line respectively. 
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Chapter 8 
Cohesive zone modelling of joints bonded with FM73 
The behaviour and progressive damage of adhesively bonded joints can be modelled 
successfully with a cohesive zone model (Section 2.5). An approach to determine the 
"real' CZM properties was developed based on the work presented in Section 5.1.2. The 
CZM parameters determined were then used to predict the response of the lap shear joints 
and the L-joints. 
Preliminary damage modelling was carried out for unaged joints using elastic properties 
in the adhesive layer to investigate the effect of residual stIain and including a fillet. The 
CZM parametelS were determined from the aluminium SU and then the failure load of 
the DU was predicted. Then more detailed damage modelling was undertaken. The CZM 
properties were detennined from the interfacial fracture energy tests where adhesive 
plasticity was used. The parameters were determined for all environments that the joints 
were aged in. These were then used to predict the response of the lap shear and the L-
joints tested for exposure for exposure periods over a year. 
The mechanical, thermal and hygroscopic properties were as given in Section 7.2 except 
for the adhesive plasticity properties which are given in Section 8.2.1. The moisture 
parameter properties are given in Table 3.8. 
8.1 Preliminary damage modelling 
The CZM was modelled using spring elements which were inserted along the interface 
between the adhesive and substrate. Initially the joints were idealised without fillets. The 
effect of fillets were then determined. 
8.1.1 Simplified geometry (without fillets) 
The elements used were 4-noded plane strain elements in conjunction with CZM 
elements along the interface. The largest element was 1 x I mm and the smallest elements 
in the adhesive layer were O.025xO.02S mm for both joints in this section. Small elements 
were used along the interface which ensured that the process zone was longer than a few 
elements. Due to symmetry only half of the actual specimen was modelled. To avoid 
mesh penetration, contact elements were used on the interface for the DU. The 
dimensions for the joints are given in Figure 4.1. 
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8.1.1.1 Calibration of the CZM parameters using the SLJ 
The CZM parameters were calibrated against the failure load of the SLJ. J-Integrals were 
fIrst calculated around the bi-material intemce comer singularity at various contours for 
the SU at the experimental failure load (using the ABAQUS contour integral option) 
without any CZM elements. The results converged for the outer contours and this value 
was used as a starting point for the CZM fracture energy parameter. A tripping traction 
was then chosen that gave the experimental failure load. Using these parameters the 
model operated in the energy controlled region (Section 5.1.2.2). The determined CZM 
parameters are given in Table 8.1 of the end of Section 8.1 . The mesh is seen in Figure 
8.1 and 8.2. 
rotationaJ symmetry 
Figure 8.1 Mesh used for the SLJ 
The predicted load-displacement curve can be seen in Figure 8.3. The result from a full 
mesh where the crack only propagated from on side gave the same the result as the model 
where rotational symmetry was assumed (Figure 8.3). This is due to that the SU fails 
catastrophically when the crack has initiated. The direction in which the crack propagated 
can be seen in Figure 8.4 (the crack propagation data was acquired by post processing of 
the results using crackSpring.exe, Appendix 8.1). 
Figure 8.2 SLJ joint a) initjaJ state b) and c) howing the crack propagation 
The calibration was carried out using plane strain elements (CPE4) with and without 
residual strains and for generalised plane strain elements (CPEG4, the formulation 
involves a model that lies between to planes that can move with respect to each other and, 
hence, cause a strain in the out of plane of the model that which minimises the strain 
energy) with residual strains. The residual strains considered were those that arose due to 
the mismatch of the coefficient of thermal expansion (CTE). 
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The parameters used in the plane strain model without residual strains were then used to 
model the failure through the SLJ in 3D (Table 8.1). The mesh used can be seen in Figure 
8.5. 
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Figure 8.5 The mesh used for the LJ 3D model ( - origin in Figure 8.6) 
The crack propagation was detennined with a post processing program (crackSpring.exe, 
Appendix 8.1). The crack propagation through the joint can be seen in Figure 8.6. The 
crack started at the centre of the joint and propagated through the width before growing 
further along the overlap. The predicted failure load was about 3% lower than the 
experimental result. This confirmed the results from the stress analysis (Section 7.2.2) 
that the mechanical load can be represented accurately with plane strain. 
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8.1.1.2 Prediction of the DLJ 
The calibrated parameters were used to predict the double lap joint. The mesh is shown in 
Figure 8.7 and 8.8. The uni-direction composite substrate was modelled using an 
orthotropic material model. 
The load-displacement curves and the crack growth are seen in Figure 8.9. Two models 
were analysed. The first had the CZM elements along the upper interface while the 
second model had the CZM elements along the lower interface. 
In Figure 8.9 it can be seen that the failure load was lower when the CZM elements was 
along the lower interface compared with the upper one. This is because the stresses at the 
lower interface comer are larger than the stresses on the upper interface. This indicates 
that if the interfaces had the same strength and there were no residual stresses the failure 
would probably grow along the lower interface. When including residual strains the 
failure load reduced significantly (Figure 8.10). This is because the thermal residual 
stresses are large in the DLJ because of the dissimilar substrates. The prediction with 
generalised plane strain elements gave a higher failure load as the residual strains are 
lower when using this 2D assumption. Without residual strains the crack initiated at the 
compression side and the joint thus failed in mode IT (Figure 8.8b). When including 
residual strains the crack initiated on the tensile side and the joint failed in mixed mode. 
The direction of the crack propagation and the site of initiation are shown in Figure 8.11. 
On the 'y-axis' the normalised increments are plotted as the failure is catastrophic and 
plotting the time only gives a horizontal line. Hence the graphs give infonnation of the 
order in which the elements fail and not the actual crack speed. When no residual strain 
was included the crack initiated on the compression side and grew towards the centre of 
the joint. The joint then finally failed by crack growth from both sides. For the models 
with residual strain included the crack grew from one side through the whole joint. 
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Figure 8.7 Mesh used for the DLJ 
Figure 8.8 Crack growth for model with element on the lower interface without re idual strain a) Initial 
geometry b) Failed specimen 
191 
Chapter 8 Cohesive zone modelling of joints bonded with FM73 
4.5 
3.5 
3 
2 
Expt 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Applied dispalcement (mm) 
Figure 8.9 Predicted load displacement curve for the DLJ at lower and upper interface 
x 10' 
4.5 
4 
3.5 
3 
~2.5 
" 
'" 
..'3 2 
1.5 
0.2 04 
- CPE4, Without residual strains 
- CPE4, With residual strains 
- CPE4G, With residual strainS 
Expt 
0.6 0.8 1.2 
Displacement (mm) 
Figure 8.10 Effect of the residual strain on the predicted load di placement curves for the DLJ (lower 
interface) 
192 
Chapter 8 Cohesive zone modelling ofjoinls bonded with FU73 
c: 
., 
1.2 
Tension 
115 side 
§ 1.1 
u 
!: 
." 
~ 1.05 
Ii 
E 
~ 1 
;;; 
"E 
o 
~ 0.95 
a. 
:> 
cr 
09 
- CPE4, Wrthout residual st rains 
- CPE4, Wrth residual strains 
- CPE4G, Wrth residual strains 
Comp-
res ion 
side 
Offio~-ro~~100~-1~5~0~XD~-=2ro~~~~-=~~-4~OO~~4ro=--=500 
Element ~D) 
Figu re 8.11 Crack growth for the models with element on the lower int rface (DLJ) 
The CZM undertaken so far confmned the results from the stress analysis that the SLJ 
joint can be modelled accurately with plane strain and that the residual stresses are 
significant when modelling the DU. However, even when including the residual strains 
the failure load of the DLJ was overestimated (Table 8.]). In the following section the 
effect of including the fillets with the CZM of the joints is investigated. 
8.1.2 Including the fillets 
The same approach was employed again (i .e. calibrating with the SLJ and predicting the 
DLJ) with the difference that fillets were now included in the models. 
8.1.2.1 Calibration of the CZM pa."ameters using the SLJ 
The CZM parameters were calibrated against the failure load of the LJ as described in 
Section 8.1.1.1. Plane strain (CPE4) and generalised plane strain (CPE4G) were 
considered, modelling the joints with and without residual strains. The calibrated 
parameters for the different models are given in Table 8.1. The mesh is seen in Figure 
8.12. The element sizes are equivalent to the ones used for the model without fillets . 
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Figure 8.12 a) Mesh used for the SU with fillet b) Crack initi/ltion c) Cr/lck growth 
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The calibrated load-displacement response can be seen in Figure 8.13 . Using plane strain 
gives a stiffer response then generalised plane strain as the model contracts in the width 
direction for the latter assumption. In Figure 14 it can be seen that the damage initiates 
close to the substrate comer in the fillet. The crack grows then in both directions. 
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8.1.2.2 Prediction 
An equivalent mesh was used for the DLJ. The calibrated parameters were used to predict 
the response of the double lap joint. The prediction is shown in Figure 8.15. The 
predicted response was worse than when the fillets were neglected. 
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Figure 8.15 Predicted load displacement curve [or the DLJ wi th fi llet 
The predicted failure load for the different models are summarised in Table 8.1. When 
fi llets are included the load carrying area is bigger and the stresses through the adhesive 
decreases. This results in a lower fracture energy parameter for the models in which 
fillets were included. The models without fillets (including residual strain) gave the best 
prediction but the models with the fillets are more realistic. In the following section 
adhesive plasticity was included in the models to investigate if a better correlation 
between the numerical modelling and the experimental results could be obtained. 
Table 8.1 Calibrated parameters (SLJ) and predicted failure load ofDLJ with differen t models 
Geometry 2D Residual Tripping- Fracture Predicted Over-
No fi llet 
No fille t 
No fillet 
Fillet 
Fillet 
Fillet 
assumption strains traction (MPa) energy (k.Jm-2) load (kN) prediction(%) 
Plane strain No 100 1200 45 8 
Plane strain Yes 100 1225 29 21 
Generalised Yes 100 1225 35 46 
Plane strain No 80 900 40 67 
Plane train Yes 100 900 30 25 
Generali ed Yes 85 925 37 54 
8.2 Plastic adhesive properties 
Moisture dependent non-linear material properties were used in the adhesive layer to 
increase the realism of the modelling. Firstly, the correct parameters for the plasticity 
model used were determined. Secondly, the CZM parameters were determ ined from the 
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interfacial fracture specimen. Then the CZM parameters were used to predict the 
response of the lap shear specimens. Finally, the failure behaviour and failure load of the 
L-joint was predicted. 
8.2.1 Interaction of continuum plasticity and CZM 
In this section the effect of the CZM parameters and adhesive plasticity on the predicted 
response of the MMF specimen is considered. Plane strain was assumed in the adhesive 
layer as this was seen to model the MMF accurately for a thin adhesive layer in the 
previous chapter. The mesh used was the same as in section 5.1.2.1 (Figure 5.5). When 
the MMF specimen was tested experimentally it exhibited an increase in fracture energy 
over the initial region of crack growth. In fracture mechanics testing this is referred to as 
R-curve behaviour and can be explained by the development of the plastic zone as the 
initial crack starts to grow. 
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Figure 8.16 The effect of continuum plasticity on predicted MMF response (atnp = 50 and r = 2.9 kJm·2) 
on the load-displacement curve 
The effect of plasticity on this specimen was investigated, initially, using von Mises 
plasticity. The properties used for the yield and hardening of the adhesive layer were 
those found from the experiments of the adhesive bulk specimens, see Figure 3.26. In 
Figure 8.16 and 8.17 the effect of including adhesive plasticity is compared with the 
response from an elastic adhesive layer. R-curve behaviour was seen for the model where 
adhesive plasticity was incorporated in the adhesive layer (an increase in the difference 
between loads for the model where plasticity was included compared with the model with 
an elastic adhesive continua). After the plastic zone had fully developed, fairly constant 
steady state fracture toughness was seen (Figure 8.17). 
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Figure 8.17 The effect of continuum plasticity on predicted MMF response (omp= 50 and r = 2.9 kJrn-2) on 
the load-crack length plot 
Selection of the appropriate tripping traction was important. For low tripping tractions 
only a small amount of plasticity occurred and the response was similar to using only 
elastic properties . For very high tripping tractions, the CZM elements were not activated 
and failure of the joint was due to continuum (limit state) plastic collapse. To achieve the 
R-type behaviour shown in Figure 8.17, CJtrip has to be high enough to induce plastic 
deformation but not higher than maximum traction achievable by the constitutive model 
of the adhesive layer. 
The SERR (strain energy release rate) was calculated using a contour integral (J-Integral) 
for various crack length using elastic continuum properties for the experimental results 
from the MMF specimen (as described in Section 2.5.2). 0 CZM model was used in the 
J-IntegraI analyses (four noded continuum elements). The mesh used for the model with a 
crack length of30 rom can be seen in Figure 8.18. The mesh was refined around the crack 
tip in the centre of the Figure to pick up the stress field and allow for various contours to 
be computed. Equivalent meshes were used for the models with other crack lengths. The 
mesh was refined around the crack and the smallest elements were O.05 xO.05 mm. 
Figure 8.18 Mesh used for the J-Integral evaluation (the apparent black regi n i a rermed rn h around the 
crack tip) 
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Ten contours were calculated. The calculated J converged for the outer contours and this 
value was used. A measure of the plastic dissipation at a given crack length can be found 
from the difference in the I-integral at that crack length (J(x» and the I-integral at the 
original crack length (1(20» . These are plotted as discrete points in Figure 8.19. Also 
plotted in Figure 8.19 is the accumulated plastic dissipation in the continuum elements 
from the CZM FE modelling. 
- Simulation 
• J(x) - J(20) 
25 30 35 40 45 50 
Crack length (mm) 
Figure 8.19 The variation of adhesive dissipation with crack length (J(x): J-Integral value at x mm crack 
length; J(20): J-Integral value at the initial (20 mm) crack position) 
The differences in the I-integrals were consistent with the accumulated plastic dissipation. 
This indicated that the experimentally observed R-curve behaviour was accounted for by 
plastic dissipation in the adhesive. The mode mixity at 30 and 40 mm was calculated 
using the virtual crack closure technique described in Section 2.5.2 (using the same mesh 
and model as for the I-Integral evaluation). The relationship CiJ/Gn was found to be 0.81 
and 0.89 at a crack length of 30 and 40 mm respectively. This might explain the slight 
decrease in the estimate of the plastic dissipation (Figure 8.19) as mode IT results in 
higher steady state fracture toughness (Figure 2.19) 
p 
Figure 8.20 Linear Drucker-Prager 
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Adhesives generally exhibit hydrostatically sensItive yield response, which can be 
modelled with a Drucker-Prager plasticity model Wang and Chalkley (2000). The effect 
of hydrostatic dependence was investigated by modelling the adhesive with a linear 
Drucker-Prager model. In the linear Drucker-Prager model the equivalent stress (q) 
depends linearly on the hydrostatic stress (P). The slope of the yield surface in p-q space 
is termed the friction angle (6) (Figure 8.20). 
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Figure 8.21 The effect of hydrostatic sensitive yielding (Otrip = 50 and r = 2.9 kJm-2) on the load-
displacement curve 
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Figu re 8.22 The effect of hydrostatic sen itive yielding (Otrip = 50 and r = 2.9 kJm-2) in p-q pace at 30 mm 
crack length (0 - si te ofunioading, -- initial and ultimate yield sire ) 
A friction angle of zero indicates no hydrostatic sensitivity and reduces to von Mises 
yielding. The failure load increased as 6 was increased to a critical value and then it 
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dropped, as seen in Figure 8.21. To understand why the predicted load drops at a high 
friction angle, the history of the stresses at a material point in the adhesive, where the 
plastic zone was fuUy developed, was plotted (Figure 8.22). Initially as 13 increases, more 
plastic defonnation is induced before unloading but at a vety high angle the CZM 
element reached the tripping traction before significant plasticity was induced (Figure 
8.22). This explains the behaviour observed in Figure 8.21. 
8.2.2 Determination of CZM parameters from the Interfacial fracture 
tests 
The mesh used was the same as in section 5.1.2.1 (Figure 5.5). The CZM parameters used 
in conjunction with elastic continuum properties that gave a good predicted response for 
the SU are summarised in Table 8.1 (section 8.1.2.2). It was found that these parameters 
under predicted the failure load of the MMF specimen significantly (Table 8.2). 
Table 8.2 Prediction ofMMF specimen using parameters derived from the SLJ undec elastic conditions 
G.... r Simulated 'dure load (N) Experimental ra.re load (N) 
100 1200 803 1036 
In section 5.1.2 and 5.1.3 the effect of the CZM parameters and adhesive plasticity on 
predicted joint milure response was investigated. The effect of adhesive plasticity on the 
MMF specimen was investigated further in Section 8.2.1. In this section those findings 
are used to detel1l1ine the CZM parameters from the experimentalload-displacement and 
load-crack length plots. 
Apparent R-curve behaviour was seen from the experimental results for the MMF tests 
(Figure 8.19). This implied that adhesive plasticity had to be incolpOrated in the 
modelling of the adhesive layer. However modelling the aluminium SU (without a CZM) 
with a von Mises plasticity model, using data from the experimental bulk adhesive tensile 
tests, gave rise to plastic collapse before the experimental failure load was reached (Table 
8.3). 
This clearly did not occur and a linear Drucker-Prager model was thus used to represent 
the adhesive continuum (using the experimentally detennined moisture dependent 
hardening shown in Figure 3.26). A value of the friction angle (8=32.5°) was chosen so 
that the global limit state load was above the experimental fililure load but below the 
critical value that gave a nearly elastic response (Figure 8.21). This corresponded well 
with a value of the friction angle (27.8°) found by Wang and Chalkley (2000). 
Table 8.3 Ultimate state load of the SU for different 6 (Experimental failure load 11.2 kN) 
FrIdJon .. 0 Vltlmate ... Ioad (kN) 
o (von Mises) 9.3 
32.S 12.2 
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The CZM parameters were then determined from the MMF specimens that were a) dry, b) 
saturated at 80%RH and c) saturated at 96%RH. The tripping traction could be 
determined from the onset of the deviation from the linear load displacement response 
(Section 5.1). The fracture energy (f) was then determined by correlation of the 
simulated load-crack length characteristics (Figure 8.24) with the experimental results. 
This gave a unique set of CZM parameters for each of the aging environments. The 
simulations using the calibrated parameters are shown in Figure 8.23 and 8.24. The 
excellent match between experimental and simulation is clear. 
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Figure 8.23 Simulated load-displacement re:>p onse using determined eZM parameters 
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Figure 8.24 imuJated load-crack length response u ing detennined ZM parameters 
The cohesive zone model parameters for saturation by immersion in water were 
determined from the NCA test. The de-bond strain obtained from the model was 
correlated with the recorded initial experimental de-bond strain. The results can be seen 
in Figure 8.25 . 
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Figure 8.25 Results from simulation of the NCA specimen 
The moisture dependent fracture energy and tripping traction parameters determined from 
the MM.F and NCA calibrations are shown in Figure 8.25. The fracture energy is seen to 
decrease rapidly initially and then flatten out whereas the tripping traction decreased 
gradually initially and the fell of more rapidly at a higher moisture concentration. 
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Figure 8.26 Detennined moi ture dependent fracture energ and tripping traction 
8.2.3 Prediction of the lap joint responses 
In this section the CZM properties determined from the interfacial fracture test were used 
to predict the response of the lap joints. The mechanical properties and the ZM 
parameters were both defined as functions of the predicted moisture concentration as 
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derived in section 8.2.2. The moisture profile at a given time was obtained using the 
experimentally determined diffusion parameters in a transient diffusion analysis. Where 
appropriate, moisture transport through the composite as well as the adhesive was 
modelled. 
8.2.3.1 Aluminium single lap joints 
It was shown that the residual stresses were low compared with the stresses due to the 
mechanical loading (Section 7.2.2) and thus were not included. It was also shown that 
plane strain assumption represented the stress state well in the joint The mesh used can 
be seen in Figure 8.28. The smallest elements were O.025 xO.025 mm to ensure that the 
process zone was longer than a few elements. The actual joint dimensions are given in 
Figure 4.1 a. 
rotational symmetry -------.. 
a) 
b) 
Figure 8.27 a) Mesh used for the LJ b) lose up 
The predictions of the SLJs that were unstressed during aging in the humid environments 
are shown in Figure 8.27. In dry conditions, the predictions were very good. The 
predictions of the joints submerged in water were quite good for 8, 26 and 52 weeks 
(Figure 8.28). 
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Figure 8.28 Prediction of the unstressed LJ (plane strain) 
However, for short times of degradation the predictions and experimental results deviated 
considerably. This deviation was probably because these joints were immersed in a more 
corrosive environment as discussed in Section 4.2.2.4. Additional experiments were 
hence undertaken; 96%RH, de-ionised and tap water were all used. The predictions were 
good for the joints aged in the 96%RH environment and the joints submerged in de-
ionised water. This thus shows that the rapid reduction in strength at the shorter times in 
the original tests was due to the use of tap and not de-ionised water. 
The strength of the stressed lap joints during aging was seen to degrade more than the 
unstressed ones (Section 4.2.2.4) The ingress of water may be enhanced in the presence 
of stress (Section 2.1.2.3) and can be related to the change in free volume by a Doolittle 
type equation (Neumann and Marom, 1987): 
.9 - M PM 10 - 00 
Pw 
where UfO is the free volume fraction in unloaded conditions and p rv and pu ar the d 
of water and matrix respectively. 
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Figu re 8.29 Predictions of the stressed SLJ (plane strain) 
Neumann and Marom (1987) have determined the value of a by fitting the equation 
above to uptake data for an epoxy aged at 52°C and under various stress levels. The value 
of a found was 0.033 . Fahmy and Hurt (1980) has used a value 0.31 to predict the 
diffusion in stressed epoxy samples. This was, however, determined under the 
assumption that the temperature was above the glass transition temperature of a polymer 
and hence overestimated the dependence on stress. Stress enhanced diffusion (SEDi) can 
be incorporated in the modelling by using the approach developed in Section 5.3.2. A 
stress dependence based on the volume strain corresponding to the higher value of a was 
used (this gives an increase of 50% of the diffusion coefficient at 25 MPa in uniaxial 
tension). The results can be seen in Figure 8.29. The strength does not reduce sufficiently 
even though the stress dependent diffusion was overestimated. This suggests that the 
more rapid reduction in joint strength cannot be accounted for by enhanced diffusion 
alone. It is suggested that the stress also accelerates the rate of degradation. 
Stress enhanced degradation (SEDe) can be modelled by using the approach developed in 
Section 5.4 in a fully coupled stress-diffusion analysis. In the SEDe model the rate of 
degradation of the joint is not only dependent on the ingress of moisture but also on the 
stress level. A higher stress gives rise to a faster degradation than a lower stress. reep 
was included in the modelling using experimentally determined creep parameters (Table 
3.13). Various analyses were undertaken to determine A and the threshold stress (11 
(equation 5.1). The best fit parameters can be seen in Table 8.4. 
Table 8.4 Parameters determined for the sires enhanced degradation 
A (s-IMPa-i ) 
_ _ tJ.(MPa) 
1.3 x 10006 4 
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The results can be seen in Figure 8.29. There was a good correlation between all but the 
joint aged for 52 weeks, where the strength increased. This increase in strength is not 
fully understood. 
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Figure 8.30 Failure paths through wet and aged aluminium LJ for 365 days immer ion in water (p lane 
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Figure 8.31 Load d isplacement responses for the dry and aged aluminium LJ for 365 day immersion in 
water (plane strain) 
The predicted damage initiation and crack growth in a dry and a wet SLJ can be seen in 
Figure 8.30. Both for the dry and the wet joints, the damage initiated at the hi-material 
interface comer. The crack then propagated through the fillet in the dry joint. After the 
fillet failed the joint failed by limit state collapse as the tripping tractions could not be 
achieved. The failure load was however governed by the initial failure of the ZM 
elements in the fillet region as shown in Section 5.6. However, for the wet joint damage 
has initiated over the whole overlap before failure occurred catastrophically by rapid 
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crack propagation (CZM release) through the entire overlap. The predicted load-
displacement response for the dry and wet joint is shown in Figure 8.31 . 
8.2.3.2 Composite single lap joint 
The composite single lap joint was then modelled using the CZM parameters derived 
from the interfacial fracture test The mesh can be seen in Figure 8.32. The use of a 
restart facility was required to reduce the computational effort of repeated analysis. It was 
found that the restart facility did not work in conjunction with rotational symmetry and 
thus a full model was used. This was considered when modelling the SLJ (crfp-crfp) to 
reduce the computational time and hence a full geometry was used. The dimensions are 
given in Figure 4.1 b. 
~lllmll~llfill~llmlll~llfilifillmlllmll~llfill~lIlmll~II~II~llImllmll~ell_11111~1~~~~mm~~~~~ 
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a) 
b) 
Figure 8.32 a) Mesh used for the compo ite single lap joint b) lose up 
Plane strain was used as this was seen to accurately represent the stress state in the joint 
(Figure 7.17) and the smallest elements were O.025xO.025 mm. The composite was 
modelled using continuum elements with an orthotropic material definition. The 
prediction was expected to be accurate up to moderate moisture contents as the failure 
mode was mainly cohesive up to saturation in the 96%RH for the MMF specimens. For 
high moisture concentrations the failure mode was 'apparent interfacial' between the 
epoxy and the aluminium substrate for the MMF and hence the modelling of the LJ 
(comp-comp) would be expected to under predict the strength for high moisture 
concentrations. The results can be seen in Figure 8.33 . It can be seen that the prediction 
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of the dry strength was very good and the predictions for the 96%RH were as expected. 
The experimental data of the joints aged in the 80%RH environment were seen to 
degrade slowly intially and then at about 12 weeks the strength dropped drastically. This 
may be due to composite failure. However this was not included in the model. Also the 
strength of the SLJ (comp-comp) aged for 78 weeks increased. The mechanism for this 
increase is not understood. The data might not be representative or there might be a 
mechanism that increased the joint strength for long aging times that is not included in 
the model. 
The damage initiation and crack growth in the dry and the wet SLJ (comp-comp) was 
similar to that seen for the SU (al-al) (Figure 8.30 and 8.31). The load-displacement 
curves also exhibited a similar response. 
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Figure 8.33 Predictions of the SU composite (plane strain) 
8.2.3.3 Double lap joint 
The double lap joint was the most complex joints of the lap joints as it had substrates of 
different materials. The mesh used for the DLJ can be seen in Figure 8.34 and 8.35 for 
the 2D and the 3D models respectively. Plane strain was used in the 2D model as this was 
seen to represent the stresses due to mechanical load accurately (7.2.5). The smaJlest 
elements in the 2D and 3D model were 0.025xO.025 mm and 0.10xO.20x0.40 mm 
(C3D8R) respectively. From the 2D modelling it could be deduced that the process zone 
was long. Larger element could thus be used in the 3D model without violating the 
criteria for mesh independence (i .e. the process zone should be longer than a few 
elements). The dimensions were given in Figure 4.1c. 
of symmetry 
a) 
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b) 
Figure 8.34 a) Mesh used for the 2D model b) Close up 
Centre (plane of symmetry) 
Plane of symmetry 
a) 
b) 
Figure 8.35 a) Mesh used for the 3D model b) Close up 
Modelling was carried out both with and without residual strains as these were seen to be 
significant (Section 7.2.4). The results from the 2D modelling can be seen in Figure 8.36. 
210 
Chapter 8 Cohesive zone modelling ofjoints bonded with FM73 
25 ~ 
20 1 i 
10 
5 
Expl80%RH 
o Expl96%RH 
Pred80%RH 
- Pred96%RH 
Pred 8O%RH (Res) 
- Pred 96%RH (Res) 
O U-_L--i_-L_L-~_-L_~_L--L_~~ 
a 5 10 15 20 25 30 35 40 45 50 
nme (week) 
Figure 8.36 Prediction of the DLJ (plane strain) 
The damage initiation and crack propagation can be seen in Figure 8.37 and 8.38. For the 
dry joint it can be seen (Figure 8.37) that the damage initiation started at the compression 
side when the residual strains were neglected and started on the tension side when the 
residual stains were included. The damage started earlier in the model where residual 
strains have been included but the reduction in strength was not as significant as when 
modelling the adhesive layer with an elastic continuum (Figure 8.10). The same 
characteristics can be seen for the wet joint (Figure 8.38). The load-displacement 
response for the dry and the wet joint is shown in Figure 8.39. 
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Figure 8.37 The effect of the thermal train on the crack propagation for a dry DLJ (plane strain) 
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Figure 8.39 Load-displacement responses (without residual strain) for the dry and wet DLJ (plane strain) 
The predictions were seen to be very good for the dry joint (Figure 8.36). The results 
obtained from the 2D and 3D models gave nearly the same result for the dry condition 
when neglecting residual strains. When including residual strains, the 2D (plane strain) 
model gave a slightly lower failure load than the 3D model as the stress state in the 3D 
model was closer to plane stress for the thermal residual strains (Figure 7.21). Plane 
strain was however used in the 2D model as this assumption was seen to accurately 
predict the stresses due to the mechanical load (Section 7.2.5). 
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Figure 8.40 Comparisons between 2D and 3D (96%RH) 
However for the wet joints the strength was overestimated. Thus modelling in 3D for 
joints aged in the 96%RH environment was undertaken to investigate if the diffusion 
from the sides contributed significantly to the reduction in the strength (without residual 
strains). The results can be seen in Figure 8.40. The prediction of the joints using the 2D 
model was slightly higher than for the 3D model which was consistent with the results in 
Section 7.1.1, which show that the diffusion from the exposed edges furthest apart only 
contribute slightly to the average moisture concentration. When including residual strains 
the stresses did increase at the edge due to composite swelling but were lower in average 
throughout the width than in the plane strain model (Figure 7.23) and did not reduce the 
strength as they were not large enough to shift the peak stresses from the compression 
side to the tension side. Hence, neither the diffusion from the side or the swelling of the 
composite in the width direction were seen to reduce the strength significantly more than 
when modelling in 2D. 
None of the models predicted the extent of degradation observed experimentally (Figure 
8.40). This may be due to composite failure, stress enhanced diffusion or stress enhanced 
degradation . Considering composite failure was beyond the scope of this work. Stress 
enhanced diffusion was considered in Section 8.2.3 .1 (for loaded aluminium U) and 
was not found to have a significant effect. Thus only stress enhanced degradation was 
considered further. 
The parameters (A. and a,) for the stress enhanced degradation (SEDe) were determined in 
Section 8.2.3.1 by correlation of the experimental data for the aluminium SLJ that was 
stresses during the aging. A coupled-stress diffusion analyses, simulating the aging 
process and the evolution of thermal and swelling residual stresses, where creep (Table 
3.l3) was included in the model, were undertaken using the parameters determined in 
Table 8.4 to calculate the enhanced stress dependent degradation field . The ZM 
parameters were a function of this field which was read into the subsequent failure 
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analysis. The results of are compared with the other models in Figure 8.41. The 
prediction was seen to improve when including a stress dependent degradation 
mechanism. 
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Figure 8.41 Prediction including stress enhanced degradation (96%RH) 
8 .2.4 L-joint 
The L-joint was only modelled in 3D as the overlap was 25 x25 mm so moisture diffusion 
in all directions was equalJy significant. Various analyses were carried out for the dry 
joint with different mesh sizes as the 3D model was computationally expensive and using 
a coarser mesh reduced the computational time considerably. The mesh sizes considered 
were O.125x0.35 xO.95 mm, O.06x0.2 xO.5 m and O.06 xO.15x0.4 mm. The mesh of the 
intermediate model can be seen in Figure 8.42. Both the substrates and the adhesive were 
modelled with eight noded brick elements. 
The L-joint was loaded in a pull off figuration, i.e. the skin was supported by rollers and 
the displacement was applied on the stringer (Figure 4.2). The predictions of the dry L-
joint with different mesh sizes using the determined CZM parameters (Figure 8.26) can 
be seen in Figure 8.42. The analysis with different mesh sizes gave very similar results. 
This indicated that the mesh size was small enough to ensure that the process zone length 
(PZL) was continuous for all three meshes. 
The coarsest mesh was thus used in the subsequent analysis of the wet joints. 
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centre of symmetry) 
a) 
b) 
Figure 8.42 a) Intennediate mesh used for the L-joint b) Close up of heel 
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Figure 8.43 The effect of mesh refinement on the load-di placement curve (dry, 3D) 
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The predicted load-displacement curve is compared with the experimental results in 
Figure 8.43 for the dry joint. The predicted strength was marginally underestimated. Both 
the experimental data and numerical simulation showed the same type of failure; first 
progressive and then finally catastrophic (Figure 8.44). 
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Figure 8.44 Comparison between predicted and clI:perimental load-displa ernent curve (3 D) 
The simulated crack growth through the dry L-joint was as expected as there were plane 
strain type conditions in the centre of the joint and plane stress at the edge. The simulated 
crack growth correlated well with the image of the failure surface (Figure 8.45), with the 
crack propagation in the centre in advance of that of the edges. 
a) 
Figure 8.45 Comparison between experimental crack propagati nand m dcIlcd era k pr pagati n in U1 
dry joint a) Image of Ole failure surface of an L-j int b) The m delled drunag in dry j int (red and blu 
represcnts failed and undamaged element respecti el ) 
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In Figure 8.46 the effect of ID and 2D moisture diffusion on the fa ilure load of the L-
joints is shown . There was a significant effect, especially for the joints aged for longer 
times. 
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Figure 8.46 Effect of diffu ion in one and two directi n 
The overall crack propagation through the joint is shown in Figure 8.47. 
a) 
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b) 
c) 
Figure 8.47 The crack propagation through the dry joint (n ffil al trc in the length dir ti n, 
magnification 5 time) a) Initial state and subsequent era k propagali n b) and c) 
The crack propagation through the overlap was determined by po t processing the data 
obtained from the FEA analysis (crackCOHE IVE.exe, Appendi 8.2). The crack 
propagation through the dry joint can be seen in Figures 8.48 and 8.49 (showing the ra k 
growth until onset of catastrophic failure). As seen in Figure 8.48, the crack propagate 
slightly faster in the centre of the joint. The propagation in a joint aged for 2 w eks can 
be seen in Figure 8.50 and 8.51 . The crack propagated with an in rease in load through 
wet adhesive until the dry adhesive was reached (Figure 8.5]). In the e po ed joints th 
crack propagated faster at the wet edge than in the centre of the joint (Figure 8.48). 
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Figure 8.48 Crack propagation through the dry L-joint, displacement-versu crack length (3D, coarse mesh) 
[the displacement when the CZM elements fails at it' location on the overlap] 
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Figure 8.49 Crack propagation through the dry L-joint, load-versu crack length (3D, coar e me h) [the 
load when the CZM elements fai ls at it's location on the overlap] 
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Figure 8.50 Crack propagation through the L-joint aged for 32 weeks, displacement-versus crack length 
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Figure 8.51 Crack propagation through the L-joint aged for 32 weeks, load-versu crack length (3D, coarse 
mesh) [the load when the CZM elements fa il at it' location on th overlap) 
The predicted strength of the L-joints can be seen in Figure 8.52. It can be seen that the 
rate of degradation for the predicted joints was much smaller than the experimental 
results . The joints were immersed in tap water and cathodic delamination may have 
occured (Section 4.4.4). The cathodic delamination for the L-joints was modelled as 
outlined in Section 5.5. The effect of using different parameter is seen in Figure 8.52. 
The critical moisture content governs when the de-lamination occurs whereas the delay 
time determines the rate once the de-lamination has started. A critical moisture con tent of 
0.99% of the saturation level in combination with a delay time of two weeks was seen to 
give a reasonable prediction. 
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Figure 8.52 Prediction of the L-joint (3D) 
8.3 Conclusions 
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The CZM parameters determined from correlation of the 2D plane strain model and the 
experimental results for the aluminium SLJ where seen to give nearly the same failure 
load in 3D (elastic continuum). This conftrmed the results from the stress analysis in 
Chapter 7 that plane strain could be used to model the joint accurately. 
The calibrated parameters for the aluminium SU were seen to be virtually unaffected 
when residual stains were included (elastic continuum). However, when including 
residual strain in the prediction of the DU, the failure load was seen to reduce 
significantly. This was an effect of the dissimilar substrates in the DLJ, which caused 
large residual strains. 
When fillets were included in the model (elastic continuum), a more realistic crack path 
was seen where the crack initiated at the interface corner and then grew in both directions 
through the overlap. 
Adhesive plasticity had to be incorporated in the adhesive layer to obtain the R-curve 
behaviour in the experimentally tested MMF specimens. When including adh ive 
plasticity the ' real' CZM parameters have to be determined as the dissipated pIa tic 
energy depends on the tripping traction. The tripping traction can be determined from the 
load displacement response of the MMF joint by identifying were it deviate from th 
linear, undamaged response. When the tripping traction has been determined in thi way, 
the fracture energy (I) can be determined by correlating the e perimental failure load to 
the simulated failure load. The determined parameters from the MMF specimen w re 
seen to g ive good predictions for the response of the three different lap shear j oint 
experimentally tested in dry conditions. 
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The determined parameters have been used to predict the residual strengths of a number 
of different joint configurations. The predictions of the aluminium SU aged at 96o/oRH 
and by immersion in de-ionised water were good. For the aluminium joints that were 
stressed during aging, stress enhanced degradation had to be included. The model 
parameters were determined by correlating the experimental failure load with the results 
from the simulations. Stress enhanced diffusion was not seen to contribute significantly to 
the rate of degradation. 
The prediction of the residual strength of the composite SU was good for the un-aged 
joints and for aging times up to 26 weeks in the 96%RH and SOOC. The prediction for the 
joint aged at 800/ORH and 7frC were however overestimated. This was possibly due to 
composite failure which was not included in the model. 
The prediction of the residual strength of the un-aged DU was good. However the 2D 
predicted strength of the aged joints were however overestimated. The joint was therefore 
modelled in 3D to investigate if either the moisture penetration from the exposed edges 
furthest apart or the stresses due to swelling in the width direction reduced the predicted 
strength significantly. This was however not the case. There are large residual stresses in 
the DU which may have enhanced the degradation during ageing as was seen for the 
stressed aluminium joints. The SEDe parameters determined in the modelling of the 
aluminium SU were thus used when including stress enhanced degradation in the 
modelling of the DU. The prediction was found to have improved. 
The prediction of the residual strength of the dry L-joint was good. The wet predicted 
strengths were however overestimated. Cathodic delamination was therefore included in 
the model as the joints were immersed in tap water. When including this degradation 
mechanism, the experimentally determined reduction was simulated. 
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Chapter 9 
Interfacial diffusion 
Moisture has a degrading effect on the strength of adhesively bonded joints. Diffusion 
coefficients derived from film uptake experiments have been used by many researchers to 
determine the moisture profile in bonded joints. 
However, the moisture penetration may be &ster in the interfacial region (Section 2.5.1). 
This implies that the actual moisture content will be underestimated. An experimental 
method and a modelling approach have been developed to determine the interfacial 
diffusion The predictability of the residual strength of degraded joints may be enhanced 
if interfacial diffusion is incorporated into the modelling. These aspects are discussed in 
this chapter. 
9.1 Experimental method 
The bulk diffusion for the adhesive was determined by gravimetric experiments (AVl19: 
H20 - section 3.1.1; DP490: D~ - section 9.4.2). However this does not address the 
diffusion of moisture along an interfilce. The experimental aim of this aspect of the 
research was to investigate inter&cial diftUsion by using the ion beam technique to 
determine the moisture concentration across the adhesive thickness of aged aluminium 
epoxy laminates. The laminate sample was cured and then immeJSed in the water. After 
the aging, the samples were cooled in liquid nitrogen to retain the absorbed moisture and 
sectioned. The sample was then placed in an evacuated scattering chamber under 
cryogenic conditions. The sectioned surface was then scanned with the ion beam and the 
spatial distribution of the moisture concentration along and across the adhesive layer was 
determined (the ion beam analysis was undertaken at Surrey Ion Beam Centre). 
With ion beam techniques it is difficult to profile water (containing hydrogen and oxygen) 
in polymers which contain both these elements. The diffusion of heavy water (DzO) has 
been shown to be equivalent to the ingress of ordinary water (Schulte and Deiasi, 1980). 
Hence heavy water was used as the difTusant in order to determine the moisture profile. 
Helium ions eHe) were accelerated to an energy of2 MeV with a Tandetron (HVEE) on 
to the sample (Figure 9.1a). 
The fusion reaction with deuterium (d) produced protons (P) and alpha particles (a) by 
the follOwing reaction: 
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'He +d ~ p +a+Q 
where Q is the energy released during the reaction (Nordling and Ostennan, 1999) 
Q = (M .. fo~ -M "", )c' = E. (After) - E. (Bejore) 
= E.(a) + E. (P) - E ('He) - E. (d) 
= 28.3 + 0 - 7.7 - 2.2 = 18.4MeV 
where M is the mass, c is the speed of light and Eb is the binding energy. The energy of 
protons at an angle (165°) to the beam where the detector was situated can hence be 
detennined from the available energy in the system to be approximately 12 MeV. These 
were detected in the scattering chamber (Figure 9.1 b), thus identifying the reaction . A 
location with high moisture concentrations results in many counts when scanned, while a 
lower moisture concentration results in fewer counts. The moisture distribution 
throughout the laminate can thus be detennined . 
a) b) 
Figure 9.1 a) Tandetron accelerator b) Beam line and scattering chamber 
9.2 Development of interfacial diffusion models 
The importance of interfacial diffusion on the moisture profile has been investigated 
through a series of finite element analyses (PEA) undertaken in ABAQU . 
In a 2D model, the bulk diffusion can be modelled using two-dimensional diffusion 
elements. In earlier work (Loh (2002» diffusion along the interface was incorporated by 
increasing the diffusion of the elements adjacent to the interface. However this did not 
really localise the interfacial diffusion sufficiently (element too big). The interfacial 
diffusion has been incorporated using one-dimensional link diffusion elements that are 
located along the interface. The diffusion parameters for the bulk diffusi n can b 
determined by gravimetric experiments . By selecting different diffusion param ter for 
the lD elements at the interface the effect of interfacial diffusion can b investigated. B 
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comparing the modelled diffusion profile for different interfacial diffusion coefficients 
with the profile obtained from the ion beam experiments, the interfacial diffusion for the 
substrate system investigated can be assessed. A 2D mesh of a specimen 12 mm long 
with an adhesive thickness of 0.5 mm has been used as this represents typical dimensions 
for a bonded joint (a slightly thicker adhesive layer was used to more easily detect the 
transverse profile). The mesh used can be viewed in Figure 9.2a. The 2D elements 
(DC2D4) were O.OS xO.OS mm and the link elements (DC1D2) along the interface were 
0.5 mm long. The substrates were not meshed due to their impermeability. Due to 
symmetry only 1/4 of the physical specimen was modelled. 
Interfacial elements 
I II I 
a) 
Interfacial surface elements Axis of symmetry 
Planes of symmetry 
Figure 9.2 a) FEA mesh used for the 2D diffusion model b) Mesh u cd 6 r the 3D model 
The analysis was carried out without interfacial diffusion and with interfacial diffu ion 
which was set to be 10 times faster than the bulk diffusion . The moisture profile after 20 
days for the two analyses can be seen in Figure 9.3 . Clearly the moisture transport was 
much greater when interfacial diffusion was modelled. 
a) 
b) 
Interface 
Line of ymmetry 
Interface 
Line of symmetry 
Figure 9.3 Moisture profiles u ing the 2D-model after 20 day : a) Onl bulk diffusion b) Int rfacia l 
diffu ion et to 10 lime the bulk diffu ion 
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In a 3D model, which is more appropriate for an exposed adhesive joint, three-
dimensional diffusion elements can be used for the bulk diffusion and the interfacial 
diffusion can be modelled with two-dimensional diffusion elements, incorporated at the 
interface. Modelling of an epoxy laminate with the dimensions 12x12 mm and an 
adhesive thickness of 0.5 mm was carried out. The mesh used is shown in Figure 9.2b. 
Due to symmetry only 1/8 of the actual specimen has to be modelled. The solid brick 
elements (DC3D8) were 0.25 xO.25 xO.05 mm and surface elements (DC2D4) along the 
interface were 0.25 x0.25 mm. The analysis was undertaken without interfacial diffusion 
and with interfacial diffusion which was set to be 10 times faster than the bulk diffusion . 
The moisture profile after 20 days for the two analyses can be seen in Figure 9.4a and b. 
a) 
b) 
Figure 9.4 Moisture profiles using the 3D-models after 20 days : a) Only bulk di1Ju ion b) lnterfacial 
diffusion set to 10 time the bulk diffu ion 
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Figure 9.5 Moisture proflles and moisture content: a) Moisture profile 2D b) Moisture profile 3D c) 
Moisture content 2D d) Moisture content 3D 
From the analysis employed it can be seen that the moisture ingress into the joints was 
considerably accelerated if there was interfacial moisture diffusion. The overall moisture 
uptake can be obtained by integrating the moisture profile over the whole specimen. 
Figure 9.5 shows the moisture profile (a and b) and moisture uptake (c and d) in the 2D 
and 3D models respectively for the models with and without interfacial diffusion. 
9.3 AV119-Aluminum laminate 
The approach developed was applied to thjn aluminium plates (specification 1050) 
bonded with AVl19. The aluminium-AVl19 laminate was 100 mm long, 12 mm wide 
and the total thickness was 1.5 mm. The thickness of the adhesive layer was 1.0 mm. The 
substrates were wiped with acetone prior to bonding. Bulk specimens and aluminium 
laminates were cured for 2 hours at 120°C, 
The bulk diffusion for the adhesive used has been determined by gravimetric experiments. 
The film specimen was 2 mm thick and immersed in water at 50°C (Loh, 2002). The 
moisture ingress was seen to be Fickjan and diffusion coefficient was 19 x1 O~ m2s·1. The 
experimental data and the Fickian fit are shown in Figure 3.3 . 
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9.3.1 Moisture ingress in laminates 
The bonded laminates were immersed in pure D20 at 50°C after the cure. 
After aging the samples were cooled down in liquid nitrogen to freeze in the moisture and 
sectioned along the mid plane with ajewellers saw (Figure 9.6). 
a) 
b) ( E~~~~~~~~ 
oj 6 ~ f--6---~ 
Substr Adhesi Scanned 
Figure 9.6 a) The sectioned surface (scanning electron microscopy) b) Schematic figure of the specimen c) 
chematic figure of the sectioned specimcn 
Scanning a control section ensured that the diffusion measured was not affected by the 
uptake from the sides. Samples were aged for 3, 7 and 16 days and then analysed. A 
surface area of approximately 1.3 x1.3 mm was scanned using the ion beam. The spot size 
was 1 0 ~ and the distance between each scan point was about 5 !lIl1. The RB data 
obtained from the sample submerged for 3 days can be seen in Figure 9.7. RB is 
measurement of energies of the backscattered particles. The energies depend on the 
identity of the atom from which the alpha particle scatters and can thus be used to 
identify the different materials scanned. The RBS data was only used to normalise the 
data obtained from the detection of the protons identifying the water and to identify 
where in the scan the epoxy was . 
The counts from the detection of the deuterium were normalised with th intensity of the 
Rutherford backscattering spectra (RBS) on the copper clamp as the b am current may 
have been slightly different when analysing the different samples. The poxy was 
identified from the RBS data and normalised counts from the detected water for the three 
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ageing times were extracted. There was not enough data so no identifiable higher 
interfacial flux could be determined (Figure 9.8). 
x (beam posijion) 
Figure 9.7 RB data for the specimen exposed for 3 day (counts ofbackscatlered particle with an encrg 
of the magnitude for copper) 
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Figure 9.8 Water concentrati ns (3 do ) 
To analyse the data further, the counts were summed in the longitudinal dire tion for 
various transverse positions. A small increase in concentration was found nearer the 
interface as shown in Figure 9.9. 
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Figure 9.9 Overall moisture concentrations versus eli tance from the interface (3 day) 
Finally, the counts were summed over the transverse direction for various longitudinal 
positions to give a ID diffusion data. The diffusion coefficient changed with time of 
exposure which may indicate that the flux is faster close to the interface. The results and 
the best Fickian fit can be seen in Figure 9.10 for 3 days. 
6r---~--~--~----~~~==~~-r 
Experimental data 
FlCklanfrt 
14 
Distance from the exposed edge (mm) 
Figure 9.10 Overall moisture concentration versus di tance fTom the exp sed edge (3 da 
The results are summarised in Table 9.1 for all 3 times of exposure. 
Table 9.1 Overall diffusion coefficients for the A V 11 9 laminate (determined b a least quare fit f 
Fickian diffu ion expression to the experimental data [the experimental data tunmcd at each di tance from 
the exposed edge in the direction vertical to the interface]) 
3 34.1 
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41.6 
62.9 
The length of the laminate was much greater than the width. The diffusion can hence be 
modelled accurately with a 2D model. In a 2D model, the bulk diffusion can be modelled 
using two-dimensional diffusion elements. 
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Fi.gure 9.11 The mesh used for modelling of the moisture ingress in the laminates 
The interfacial diffusion has been incorporated using one-dimensional link diffusion 
elements that are incorporated along the interface. The mesh is shown in Figure 9.11. 
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Figure 9.12 Determined interfacial diffusion coefficients by combined NRA and FEA m dcIling (the red 
line represents the profile obtained if only bulk diffusion wa a counted for, the green line represents th 
experimental results, the blue line represents a model whcre the bulk diffu ion and the interfacial diffu i n 
was modelled). 
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In all models, the diffusion coefficient for the bulk material was set to the value obtained 
from the gravimetric experiments of the bulk specimen (19 xlO-14 m2s-I) . Various analyses 
were employed with different values of the interfacial diffusion. The profiles were 
averaged over the thickness of the adhesive layer and compared with the experimental 
results using a post processing program (InterPost.exe, Appendix 9.]). A reasonable 
prediction was obtained with an interfacial diffusion which was 4 times faster than the 
bulk diffusion (Figure 9.l2). The apparent increase in overall diffusion coefficient can 
hence be attributed a faster interfacial diffusion. 
9.4 DP 490 
The results for the AV119 laminate were not completely defmitive. The problem with the 
technique was that the sample had to be sectioned whilst maintaining a temperature 
below zero. The specimen in the last section was cut with a jewellers saw. This resulted 
in a surface that was not smooth and not ideal for analysis. Polishing the surface after the 
cutting was not feasible as the moisture would desorb rapidly or be distorted by the 
cooling fluid. The possibility of using cryo-microtoming to obtain an improved surface at 
a temperature below zero was thus investigated. Due to the lack of availability of AV119 
the adhesive used was DP 490 by 3M 
9.4.1 Cryotoming 
The initial attempts to section the laminates to be analysed (snapping and using a 
jeweller's saw) did not result in a good enough finish and may have distorted the profile. 
The possibility of using a microtome was thus investigated. 
Figure 9.13 Cryotome 
The cutting has to be undertaken under cryogenic temperatures to maintain the moisture 
profile in the sample. MSSU (Micro Structural Studies Unit) has an LKB 2288-050 
CryoNova (Instruction Manual, LKB 2288-050 Cryo ova, 1985). ryo ova IS a. 
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cryoultramicrotome system specifically designed for frozen sectioning. Cryo ova 
(Figure 9.13) is an addition to the room temperature microtome, Ultrotome NOVA 
(Instruction Manual, LKB 2188 Ultrotome NOVA, 1985). 
Usually very thin samples are cut. Thus it was necessary for a custom chuck to be made 
to clamp the laminate specimen. A copy of the clamp was manufactured and slightly 
altered by the workshop by widening the slot where the specimen is gripped (Figure 9.14). 
The cryochamber where the knife and the specimen were situated during the sectioning 
was molded in polyurethane which provide good thermal insulation (Figure 9.14). Liquid 
nitrogen was supplied by a pump from a floor-standing depwar. In the cryochamber, a 
foil heater boiled the nitrogen to produce a cold nitrogen atmosphere in the chamber. 
Figure 9.14 Sample in custom made bolder and diamond knife in cryocbamber 
On operation, the nitrogen deposit was filled up. Then, the Ultrotome Nova was the 
switched on and the specimen holder was locked at the correct height. The ryoNova 
control unit was then turned on and the knife and specimen temperatures were set. The 
cooling down and supply of nitrogen was then automatically maintained . When the 
chamber had reached the desired temperature the specimen was mounted in the chuck and 
the knife holder was firmly locked in place. A diamond knife had to be used as one of the 
materials being sectioned was aluminium. During sectioning, the microscope was turned 
on and the manual feed of the Ultrotome Nova was used to advance the knife to the 
specimen. The microtome was then switched to the automatic mode and the thermal feed 
was turned on . 
The epoxy-aluminium laminate could be cut using the CryoNova and a smooth surfa 
was achieved (Figure 9.1 5). 
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Figure 9.15 The sectioned surface 
9.4.2 NRA 
The technique outlined above was used to obtain a smooth sectioned surface for analysis. 
The adhesive system investigated was DP490 (manufactured by 3M) and aluminium. The 
aluminium surface was cleaned with acetone before bonding. The laminate was cured for 
24 hours at 23°C followed by 1 hour at 80°C. Gravimetric experiments were undertaken 
on bulk samples, immersed in heavy water at 50°C. The results can be seen in Figure 9.16. 
The diffusion coefficient was found to be 161 xl0·14 m2/s (it is in the upper range for an 
epoxy adhesive, Table 2.1) which is about 3 times as faster than in FM73 and 8 times 
faster than in A Vl19. 
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Figure 9.16 Moisture uptake in bulk specimen at 50"C (DP490, 1.4 nun thick) 
The laminate was 100 mm long, 13.5 mm wide and the thickness of the adhesive layer 
was 1.0 mm. A thick bond-line was used to determine a moisture profile vertical to the 
aluminium-epoxy interface more easily. After ageing by immersion in pure heavy water 
at 50°C the laminate was plunged into liquid nitrogen to freeze the moisture profile. A 
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piece to be analysed was cut from the laminate with a metal scissor and placed in the cryo 
chamber. The surface to be analysed was then cryotomed as described in Section 9.4.1. 
After the cryotoming the sample was kept in liquid nitrogen until the testing. Upon 
testing the sample was placed in a clamp (Figure 9.17) and placed in the scattering 
chamber again under a cryogenic condition. The sample was then analysed as described 
in section 9.3.1 . A surface area of approximately 0.8xO.8 mm was scanned. The spot size 
was 10 !lIll and the distance between each scan point was about 3.25 flm. After the scan 
was finished the sample was moved and a new area was scanned. Data were collected for 
about 30 minutes for each scan. 
~-- - - - - b) 
Figure 9.17 The sample aged for 43 hours a) In a clamp placed in the cattering chamber b) Clo up 
(visual microscope) 
Samples aged for 43 and 96 hours were analysed. Multiple (8) scans were employed to 
cover a larger part of the sample as seen in Figure 9.18. 
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Figure 9.18 Results from the NRA analy i (43 h) 
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The analysis gave much improved counts with the refined surface compared with the 
sawed surface. Unfortunately the sample was not scanned over the centre of the adhesive 
(see Figure 9.18). A slight moisture profile from the interface was identified by visual 
inspection of the samples. This could however not be distinguished when summing the 
counts in the longitude direction for the sample aged for 43 hours. On the sample aged for 
96 hours this could however be seen on three scanned areas (Figure 9.19 and 9.20). The 
exact location of the scans were unfortunately not recorded . 
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Figure 9.19 Results from the NRA analysis (96 h) 
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Figure 9.20 Variation of the overall moi ture concentrations (norm ali ed with concentration at the interface) 
with di tance from the interface at different positions from the free edge (96 how-s) 
The counts where then summed in the transverse direction do get ID diffusion data. The 
best Ficlcian fit for the lower scan in Figure 9.18 can be seen in Figure 9.21. The aim of 
this work was to detennine if the interfacial diffusion was much faster than in the bulk. 
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Hence a F ickian model was used as the subtle features of the moisture profi le was not of 
interest at this stage. The apparently non-Fickian behaviour close to the exposed edge can 
probably be attributed to desorption. The results can also be seen in Table 9.2. 
Table 9.2 Overall diffusion coefficients for the DP490 laminate 
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Figure 9.21 Variation of the overall moi ture concentration wi th eli ance from the exposed edge (43 hours) 
9.4.3 Modelling of DP 490 laminates 
The modelling undertaken for these specimens was similar to that used for AV11 9 
laminates outlined in Section 9.3.2. The interfacial diffusion coefficient found (483 x lO-14 
m2/s) was approximately 3 times faster than the bulk diffusion as seen in Figure 9.22. 
There was a good correlation between the experimental results for different aging times 
when using the mentioned interfacial diffusion coefficient in conjunction with the 
increased bulk diffusion coefficient. The relationship between the interfacial diffusion 
and the bulk diffusion were hence seen to be of the same order of magnitude for the two 
systems. 
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Figure 9.22 Detennined interfacial diffusion coefficients for DP490 laminates (the lid line represents 
the profile obtained if only bulk diffusion was accounted for, the dotted line represents the e perimcntaJ 
results, the dashed line represents a model where the bulk diffusion and the interfacial diffu i n was 
modelled). 
The moisture profiles across (transverse) the adhesive layer obtained using the derived 
diffusion coefficients are plotted in Figure 9.23 and 9.24. It can be seen that the vertical 
profile was not very pronounced for the relatively modest interfacial diffusion coefficient 
derived. This may explain why no profile was apparent when inspecting the raw data 
(Figure 9.18). However, when the profiles were normalised with the concentration at the 
interface the simulated result resembles more what was found experimentally in Figure 
9.20. 
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Figure 9.23 Predicted transverse proftles at different po itions al ng the adhc ivc layer 
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9.5 Conclusions 
The bulk diffusion for the adhesive used has been detennined by gravimetric experiments. 
An experimental technique was used that enabled spatia] distribution of moisture within a 
j oint to be measured. No distinct profile of moisture concentration across the thickness of 
the adhesive layer was found but there were limited cases where a higher moisture 
concentration close to the interface could be seen. The profile might have been smeared 
during the cutting process or more data may have to be collected during a longer analysis 
time. However, the 1 D diffusion coefficients apparently changes with time which could 
indicate that the flux in the interfacial region is larger than in the bulk material. 
A modelling approach has been outlined that enables interfacial moisture diffusion to be 
incorporated. From the developed modelling approach the interfacial diffusion can be 
assessed. The apparent change in diffusion coefficient could be predicted with the 
modelling approach developed. A value of the interfacial diffusion of 4 and 3 times that 
of the bulk material was found for AVl19 and DP 490 aluminium laminates respective ly. 
The results were improved considerably when smoothing the surface with a microthome. 
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Chapter 10 
Conclusions and Future work 
The work carried out has resulted in considerably improved models to simulate the 
interfacial degradation and all objectives were achieved (Section 1.1). The conclusions 
from the research and suggestions for future work are presented in separated sections 
below. 
10.1 Conclusions 
To assess the integrity of an adhesive-substrate system exposed to humid environments a 
vast amount of testing has to be undertaken. The aim of this work was to develop models 
so that the durability of a structure could be assessed once the material properties had 
been determined from simple and economical tests. A model to simulate the durability 
and a methodology to determine the intrinsic material parameters that govern joint 
durability was developed. This approach was then used to predict the durability of 
different types of joint configurations. An experimental and a modelling approach was 
also developed that could be used to determined the moisture profile throughout a joint. 
The effect of stress and corrosion was also included in the modelling as these were found 
to further reduce the residual strength of some of the joints. Below follows a summary of 
key conclusions emerging from this work. 
The excessive amount of voids in the bulk adhesive samples was successfully removed 
with different out-gassing techniques and the ingress of moisture in the adhesives was 
determined with gravimetric experiments. 
AV119 absorbed much more moisture than FM73 and exhibited a more viscoplastic 
response in the presence of water. These adhesives were seen to be plasticised by the 
moisture but the composite (IM7/8552) was fairly unaffected. 
VariollS approaches to implement a CZM through a traction-separation law have been 
verified. An approach to extend the models to 3D was also developed. The eZM 
elements were mesh independent when used in the correct domain. The eZM was shown 
to be a powerful tool for modelling the failure of adhesively bonded structures. 
Two interfacial fracture tests (MMF and NCA) have been successfully used to 
characterise the degradation of the interface for A Vl19-steel. Extensive finite element 
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analyses of these two test configurations have been carried out. These analyses 
incoIporated a CZM to simulate progressive interfacial failure. The moisture dependent 
CZM parameters were determined by correlating the predicted and experimental results 
of the MMF tests. 
Initial analyses including residual strains predicted unreasonable levels of stress in the 
AVl19 joints following ageing. However, stresses in saturated bulk adhesive specimens 
were seen to relax rapidly. A technique was developed to include the thermal and the 
hygroscopic residual strains in the modelling when using time dependent mechanical 
properties at the aging temperature. Taking this effect into account, good predictions of 
the degraded joint performance were obtained. 
A more rigorous methodology to extract the CZM parameters from the experimental 
results were developed for the FM73-alumnium system as adhesive plasticity had to be 
included due to the toughness of the system. When including adhesive plasticity, the 
magnitude of the tripping traction affected the results and a CZM parameter pair that 
predicted the initial failure load cannot be arbitrarily chosen, unlike models with an 
elastic continuum. 
A novel method was developed to determine this pair of CZM parameters. The tripping 
traction was detennined from the load displacement curve by identifying where it 
deviated from the linear, undamaged response. This deviation was shown to be mesh 
independent and fairly independent of the fracture energy. When the tripping traction was 
determined in this way, the fracture energy (f) could be determined by correlating the 
experimental failure load to the simulated failure load. The observed R-curve behaviour 
seen in the experimentally tested MMF specimens was simulated successfully. 
The interfacial fracture energy was seen to decrease significantly in the presence of water 
at the interface. No further degradation was seen when extending the aging time beyond 
saturation (for the EA932 I-aluminium system). This indicated that the interfacial strength 
was related to the moisture concentration only. The determined parameters have been 
used to successfully predict the residual strengths of a number of different lap-shear joints 
and a L-joints. 
The predictions for joints a) submerged in tap water, b) aged with large residual stresses 
and under pre-load were overestimated. Corrosion and stress were identified as important 
parameters and models to simulate cathodic delamination and stress enhanced 
degradation were developed. When cathodic delamination and stress enhanced 
degradation were included the predictions were seen to be good for these joints too. 
A method which accounted for the effect of loading on the rate of moisture ingress was 
also developed by setting the diffusion coefficient to be dependent on the volumetric 
strain. This was however not seen to significantly effect the degradation. 
The predictions of cfrp SLJ aged at 700C/SO%RH did not correlate well with the 
simulations. A framework to model composite delamination was developed by using a 
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mode dependent CZM to account for the composite failure seen in the joints. When 
implementing both the interfacial failure and the composite delamination in the model of 
the DLJ the crack path observed experimentally could be simulated. Experimental work 
is however required to determine the CZM parameters for the composite delamination in 
different modes and modelling of the composite delamination was not pursued further in 
this work. 
An experimental technique (NRA) was used which enabled spatial distribution of 
moisture within a joint to be measured. A modelling approach was outlined that enabled 
the interfacial moisture diffusion to be incoIpOrated and determined from the 
experimental results. The apparent change in diffusion coefficient determined from the 
experimental results was predicted A value of the interfacial diffusion of four and three 
times that of the bulk material was found for AV119 and OP 490 aluminium laminates 
respectively. This is the fIrst time it has been possible to quantify the interfacial diffusion. 
10.2 Future Work 
More experimental work is required to further assess the integrity and durability of the 
interface. A sensible approach would be frrst to determine the moisture distribution 
through the NRA technique in a bulk specimen. The bulk diffusion could then be 
assessed and any anomalies could be included in the uptake models. This would give 
even higher confIdence when analysing the data obtained from the NRA of the laminates. 
It would also be of great interest to apply the developed model to a full scale application 
to check the validity. This would however require a lot of computer resource and could 
not be carried out on current personal computers. 
Despite the developments, the effect of corrosion and stress has to be studied in greater 
detail and the models improved further. A set of experiments could be set up where the 
specimens were aged in environments with different conductivity (from deionised water 
to a saturated salt solution). This would indicate and quantify the importance of the 
corrosion. 
The effect of stress on the degradation is also not fully understood. A fIrst step would be 
to age specimens at different levels of load and relative humidity to determine a 
relationship between the rate of degradation, moisture concentration and stress. This 
mechanism could then be accurately modelled and more confidence in the predictions of 
the durability of adhesively bonded joints would be gained. The predictions of the failure 
load where these latter mechanisms are important would probably be enhanced if a more 
mechanistic approach was used to model the degradation as the dependencies of each 
environmental parameter are then explicitly quantifIed. 
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Another important area of future investigation would be to investigate the effect of 
fluctuating environments as this better resembles the real service life of a component. The 
issues of reversible and permanent damage caused by the moisture then have to be 
addressed. Once this is established the effect of a fluctuating environment in combination 
with a fluctuating load has to be included in the model. Once these effects are 
incorporated in the model, it would be a complete tool for industry to use in the design 
and certification of adhesively bonded structures. 
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Appendix 5.1: TRACTION TRIPPED UEL ROUTINE 
C This is User element subroutine to formulate a 3 noded linear spring. 
C Developed by Wei Keat. The element consist of node 1-2 (0 stiffness) 
C and 2-3 (stiffness) 
C 
C Modified by David Liljedahl. A traction failure criteria was added to the code developed 
C 
C MIXED MODE RUPTURE ELEMENT 
C CRITICAL DISPLACEMENT = URN = URT 
C 
C 
C 
C 
C 
C 
SUBROUTlNE UEL(RHS,AMA TRX,SV ARS,ENERGY,NDOFEL,NRHS,NSV ARS,PROPS, 
) NPROPS,COORDS,MCRD,NNODE,U,DU,V,A,JTYPE,TIME,DTlME,KSTEP,KINC, 
2 JELEM,PARAMS,NDLOAD,JDL TYP,ADLMAG,PREDEF,NPREDF,LFLAGS, 
3 ML V ARX,DDLMAG,MDLOAD,PNEWDT,JPROPS,NJPROP,PERIOD) 
INCLUDE 'ABA]ARAM.INC' 
DIMENSION RHS(ML V ARX, *),AMA TRX(NDOFEL,NDOFEL),PROPS(*), 
) SV ARS(NSV ARS),ENERGY(8),COORDS(MCRD,NNODE),U(NDOFEL), 
2 DU(ML V ARX, *), V(NDOFEL),A(NDOFEL),TlME(2),P ARAMS(*), 
3 JDL TYP(MDLOAD, *),ADLMAG(MDLOAD, *),DDLMAG(MDLOAD, *), 
4 PREDEF(2,NPREDF,NNODE),LFLAGS(*),JPROPS(*) 
DOUBLE PRECISION UR,DELTA C,EAV,DELTA,AKR,AKS,KJI,DELTA CX, 
IDELTA_Cy,ELEML,RE,TS,W,Z,DELTA_N,DELTAJ,URN,URT,LAMDA,F_ LAMDA, 
2FN_LAMDA,FT LAMDA,J,LAMDA U,MT,AKSX,AKSY,SS,OREINT,CREXT,LAMDAN, 
3DEL T AN,DEL T AT,DEL TA_ TA,DEL TA_Na,KN,KT,SIGNY,SJGNX,RHSX,RHSY,CC 
INTEG ER TRIPP 
C "MATRIX INITIALISATION** 
C 
DO 100 1= ) ,NDOFEL 
RHS(I,I)=O.ODO 
DO 200 K= I,NDOFEL 
AMATRX(K,I)=O.ODO 
200 CONTINUE 
100 CONTINUE 
C 
Kll=O 
LAMDA=O 
C AKS = LOADING SPRING STIFFNESS; N/mm 
C AKR = RUPTURE SPRING STIFFNESS; N /mm 
C GC= FRACTURE ENERGY 
C MT=MA TERlAL THICKNESS 
C TS = TRIPPING STRAIN 
C W=UNLOADING TOLERANCE 
C Z=RELEASING TOLERANCE 
C ]=SYMMETRICAL (2); ON-SYMM (I) 
C MM=MODE ANALYSIS MODE 1= I ;MODE Ir=2,MTXED MODE=3 
C SS=F AlLURE CRITERIA Y STRAIN= 1 ,X-STRAIN=2,RESUL T ANT STRA 1N=3 
C TRlPP=FAILURE CRITERION, STRAIN= I, FORCE=2 
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C *UEL PROPERTY, ELSET= 
C AKS,AKR,GC,MT,TS, W,Z,J,MM,SS,TRIPP 
C ELEMENT PROPERTlES 
C LOADING STIFFNESS 
AKS=PROPS(1 ) 
C RELEASED SnFFNESS 
AKR=PROPS(2) 
C RUPTURE ENERGY 
GC=PROPS(3) 
C MODEL THICKNESS 
MT=PROPS(4) 
C TRIPPING STRAIN OR TRIPPING RESULTANT TRACTION 
TS=PROPS(5) 
C UNLOADING TOLERANCE 
W=PROPS(6) 
C RELEASING TOLERANCE 
Z=PROPS(7) 
C SYMMETRICAL (2); NON-SYMM (1) 
J=PROPS(8) 
C MODE ANALYSIS MODE 1= 1 ;MODE II=2,MlXED MODE=3 
MM=PROPS(9) 
C FAILURE CRITERIA Y STRAIN= l,X-STRAIN=2,RESULTANT STRAIN=3 
SS=PROPS(10) 
C Orientation of rupture element: 1, node(123);,2 node (321) 
OREINT=PROPS(ll) 
C Crack extenstion, distance between next rupture element in crack path direction 
C ifsimilar to ELEML, THEN CREXT=O 
CREXT=PROPS(l2) 
C Choice of tripping criterion: STRAIN = 1, TRACTION = 2 
TRIPP=PROPS(13) 
C 
C PREDEFINED CONC (TEMPERATURE) 
CC = PREDEF( 1,1 ,2) 
C 
rF (TRIPP.EQ.l) THEN 
C PRINT*, 'TRIPPING STRAIN' 
C STRAIN CALCULA nON (NODE 1 AND 2) 
C ELEML = ELEMENT LENGTH (NODE 2 - NODE J) 
C 
C 
C 
C 
C 
ELEML = ABS(COORDS(2,2)-COORDS(2,1» 
IF (CREXT.EQ.O.O) THEN 
CREXT=ELEML 
END [f 
DELTA_C = RELATTVE DISPLACEMENT OF THE ONTINUUM NOD I AND 2 
DEL TA_CX = (U(I)-U(3» 
IF(OREINT.EQ. l )THEN 
IF«(U(2).GE.U(4»)THEN 
ELSE 
DELTA_CY = ABS(U(2)-U(4» 
DELTA_C = SQRT«(ELEML+ DEL TA_ Y)**2)-I (D L TA_ XU 2» 
PRINT*,JELEM,' ','1 ',DEL TA_ 
DELTA_CY = -I *ABS(U(2)-U(4» 
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ELSE 
Appendix 
DEL TA_C = SQRT«(ELEML+ DEL TA_CY)**2)+(DELTA_ "2» 
PRINT*,JELEM,' ','2',DELTA_C 
END IF 
TF«(U(2).LE.U(4»)THEN 
ELSE 
DEL TA_CY = ABS(U(2)-U(4» 
DELTA_C = SQRT«(ELEML+DELTA_CY)**2)+(DELTA_ X**2» 
PRINT*,JELEM,' ','3',DELTA_C 
DELTA_CY = -1*ABS(U(2)-U(4» 
DELTA_C = SQRT«(ELEML+DEL TA_CY)**2)+(DELTA_ X**2» 
PRINT*,JELEM,' ','4',DELTA_C 
ENDlF 
ENDlF 
EA Y = CONTINUUM STRArN 
W(SS.EQ.l)THEN 
ELSE 
ENDlF 
EAY = (DELTA_CYfELEML) 
TF(SS.EQ.2)THEN 
EAY = (DELTA_CXlELEML) 
ELSE 
EAY = «(DELTA_C-ELEML)fELEML) 
ENDlF 
C END STRAIN CALCULATION 
ENDTF 
C 
C DELTA CALCULA nON (SEPERA TION OF SPRING NODE 2 AND 3) AND THE 
C TRACTION F AllURE CRITERIA 
C 
IF(MM.EQ.I)THEN 
DELTA_T = O 
DELTA_N = (U(4)-U(6» 
AKSX=O 
ELSE 
AKSY=AKS 
IF (TRIPP.EQ.2) THEN 
EAY = AKSY*DELTA_N/(CREXT"'MT) 
END IF 
W (MM.EQ.2) THEN 
ELSE 
DEL TA_ T = (U(3)-U(5» 
DELTA_N = O 
AKSX=AKS 
AKSY=O 
IF (TRIPP.EQ.2) THEN 
EAY = AKSX"'DELTA_TI(CREXT*MT) 
END IF 
DELTA_ T = (U(3)-U(5» 
DEL TA_N = (U(4)-U(6» 
AKSX=AKS 
AKSY=AKS 
IF (TRIPP.EQ.2) THEN 
PRlNT"','TRIPPING TRACTION' 
EA Y = (SQRT«AKS"'DEL T A_ T) .... 2+(AKS ... DEL TA_N) .... 2»/( REXT* MT) 
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END IF 
ENDTF 
END IF 
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DELTA = SQRT«DELTA_T**2)+(DELTA_N"'*2» 
C END DELTA CA LCULA TION 
C 
C CONVERSION OF GC (J/m"2) TO RUPTURE ENERGY, RE (Nmm) 
RE=GC "'(CREXT)'" MT/(J * I 000) 
C 
C GC DEPENDENCE OF PREDEF 
C TS DEPENDENCE OF PREDEF 
C 
C 
SV ARS(20)=JELEM 
SV ARS(22)=GC 
SV ARS(23)=CREXT*MT/(J* I 000) 
SV ARS(30)=CREXT 
C CASE STUDY 
C 
IF(SV ARS(I O).EQ.I.O.AND.SVARS(2).EQ.I.O) THEN 
C RELEASED 
AMA TRX(3,3)=AKR 
AMA TRX(5,5)=AKR 
AMA TRX(3,5)=-AKR 
AMA TRX(5,3)=-AKR 
AMATRX(4,4)=AKR 
AMATRX(6,6)=AKR 
AMA TRX(4,6)=-AKR 
AMA TRX(6,4)=-AKR 
AMA TRX(3,4)=O 
AMATRX(5,4)=O 
AMA TRX(3,6)=O 
AMA TRX(5,6)=O 
AMATRX(4,3)=O 
AMA TRX(6,3)=O 
AMA TRX( 4,5)=0 
AMA TRX(6,5)=0 
C RHS 
RHS(3,I)=O 
RHS(5,I)=O 
RHS(4,I)=O 
RHS(6,1)=O 
C CALCULATE THE SPRING FOR 
SV ARS( 12)=0 
C 
ELSE 
SV A RS(27)=AKR 
SVARS(28)=AKR 
LAMDA=SQRT«(DELTA_N/SVARS(l5»"2)+«DELTA_T/ VAR (17»"2» 
IF(SVARS(2).EQ. I.0) THEN 
C RHS SIGN SWITCHING 
IF«(U(4)-U(6» .GE.0)THEN 
SIGNY= I 
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c 
ELSE 
SIGNY=-l 
END IF 
IF«U(3)-U(5».GE.O)THEN 
SIGNX=l 
ELSE 
SIGNX=-l 
END IF 
Appendix 
IF(MM.EQ.l )THEN 
DELTA_N=SIGNY·(ABS(SVARS(l9»+ABS(DU(4,1)-DU(6,1))) 
ELSE 
IF(MM.EQ.2)THEN 
DELTA_TA=SIGNX·(ABS(SVARS(14»+ABS(DU(3,1)-DU(5,1») 
DELTA_T=(ABS(SVARS(l4»+ABS(DU(3,1)-DU(5,1))) 
ELSE 
DELTA_N=SIGNY·(ABS(SVARS(l9»+ABS(DU(4,1)-DU(6,1))) 
IF(SV ARS(l3).EQ.O)THEN 
DELTA3A=O 
DELTA_T=(ABS(SVARS(14»+ABS(DU(3,1)-DU(5,1))) 
ELSE 
DELTA_TA=SIGNX·(ABS(SVARS(14»+ABS(DU{3,1)-DU(5,l))) 
DELTA_T=DELTA_TA 
END IF 
END IF 
END IF 
C IF(JELEM.EQ.32)THEN 
C PRINT·,'DELTA IRR','·----·',DELTA_T,'·-----',DELTA_N,'------' 
C END IF 
c 
c 
c 
c 
c 
C 
c 
c 
c 
LAMDA=SQRT«(DELTA_N/SVARS(15»"2)+«DELTA_TAlSVARS(17»"2» 
KII=-l ·(SV ARS( 4 )/(1-SV ARS( IS))) 
F_LAMDA=SVARS(4)·(I-«LAMDA-SVARS(lS»/(l-SVARS(IS»» 
FN_LAMDA=(F_LAMDA·(DELTA_N»)/(SVARS(lS)·LAMDA) 
FT_LAMDA=F_LAMDA-«DELTA_TA)-SVARS(IS»)I(LAMDA·(SVARS(17)"2» 
KN=SVARS(4)·(I-LAMDA-(DELTA_N/(LAMDA-SVARS(15»)"2)1 
I (SV ARS(l5)-LAMDA -(l-SV ARS(lS») 
KNT=-I·(SV ARS(4)·DELTA_N·DELTA_ TA)/«LAMDA "3)-(SVARS(l7)"2)-
I(SVARS(l5)·(I-SVARS(IS»))) 
KT=SV ARS( 4).SV ARS(lS)·(I-LAMDA-(DEL TA_ TA/(LAMDA ·SV ARS( 17)))"2)/ 
1 «SV ARS(17)"2)·LAMDA -(l-SV ARS( 18») 
IF(MM.EQ.l )THEN 
SVARS(6)=KN 
SV ARS( 16)=0 
ELSE 
IF(MM.EQ.2)THEN 
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SVARS(6)=O 
SV ARS(l6)=KT 
ELSE 
SV ARS(6)=KN 
SV ARS(l6)=KT 
SV ARS(31 )=KNT 
END IF 
END IF 
C IF(JELEM.EQ.32)THEN 
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C PRINT*,KT,'----',KN,'----',KNT 
C END IF 
C 
IF(LAMDA.LT.l) THEN 
C STILL UNLOADING 
c 
C 
C 
ELSE 
SVARS(9)=LAMDA 
AMA TRX(3,3)=SV ARS(16) 
AMA TRX(5,5)=SV ARS(16) 
AMA TRX(3,5)=-SV ARS(16) 
AMA TRX(5,3)=-SV ARS(16) 
AMATRX(4,4)=SVARS(6) 
AMA TRX(6,6)=SV ARS(6) 
AMA TRX(4,6)=-SVARS(6) 
AMA TRX(6,4)=-SVARS(6) 
AMA TRX(3,4)=SVARS(31) 
AMATRX(5,4)=-1*SVARS(31) 
AMA TRX(3,6)=-1*SV ARS(31) 
AMA TRX(5,6)=SVARS(31) 
AMA TRX( 4,3)=SV ARS(31) 
AMA TRX(6,3)=-1*SV ARS(31) 
AMATRX(4,5)=-1*SVARS(31) 
AMA TRX(6,5)=SV ARS(31) 
RHS 
RHS(4,l)=-1*FN_LAMDA 
RHS(6,l)=FN_LAMDA 
RHS(3,1)=-I*Ff_LAMDA 
RHS(5,I)=Ff_LAMDA 
CALCULATE THE SPRING FORCE 
SVARS(12)=F_LAMDA 
SV ARS(27)=SV ARS(16) 
sv ARS(28)=SVARS(6) 
IF(LAMDA.GT.Z) THEN 
C RELEASING CUTBACK!! 
SVARS(II)=LAMDA 
PNEWDT=O.I*(I.o-SVARS(9»)I(SVARS(11 )-SV ARS(9» 
C PRINT*,JELEM,' ',KINe,' ','PNEWDT',PNEWDT 
ELSE 
C START RELEASING 
SVARS(IO)=1 
AMATRX(3,3)=SVARS(16) 
AMA TRX(5,5)=SVARS(16) 
AMA TRX(3.5)=-SV ARS( 16) 
AMA TRX(5.3)=-SVARS(l6) 
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END IF 
ELSE 
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AMA TRX( 4,4 )=SY ARS(6) 
AMA TRX( 6,6)=SY ARS(6) 
AMATRX(4,6)=-SYARS(6) 
AMA TRX(6,4)=-SVARS(6) 
RHS 
AMATRX(3,4 )=SV ARS(31) 
AMA TRX(5,4)=-1·SYARS(31) 
AMA TRX(3,6)=-1·SY ARS(31) 
AMATRX(5,6)=SYARS(31) 
AMATRX(4,3)=SYARS(31) 
AMA TRX(6,3)=-1·SY ARS(31) 
AMA TRX(4,5)=-1·SYARS(31) 
AMA TRX(6,5)=SY ARS(31) 
RHS(4,1)=-1·FN_LAMDA 
RHS(6,1)=FN _LAMDA 
RHS(3,1)=-1·Ff_LAMDA 
RHS(5,1)=Ff_LAMDA 
CALCULATE THE SPRING FORCE 
SYARS(l2)=F_LAMDA 
SY ARS(27)=SY ARS(l6) 
SYARS(28)=SVARS(6) 
END IF 
IF«EA V rrS).GE.l) THEN 
IF«EA Y ffS).LE.W)THEN 
C STARTUNLAODING 
SY ARS(2)=1.O 
C UNLOADING DISPLACEMENT 
SYARS(3)=DELTA_N 
SYARS(l3)=DELTA_T 
C 
C 
C 
C 
C 
SY ARS(21 )=DEL TA 
AMA TRX(3,3)=AKSX 
AMA TRX(5,5)=AKSX 
AMA TRX(3,5)=-AKSX 
AMA TRX(5,3)=-AKSX 
AMATRX(4,4)=AKSY 
AMA TRX(6,6)=AKSY 
AMA TRX(4,6)=-AKSY 
AMA TRX(6,4)=-AKSY 
RHS 
RHS(3,1)==-AMATRX(3,3)·U(3)-AMATRX(3,5)·U(5) 
RHS(5,1 )==-AMA TRX(5,3)·U(3)-AMA TRX(S,S)·U(S) 
RHS(4,1 )==-AMA TRX(4,4)·U(4)-AMA TRX(4,6)·U(6) 
RHS(6,1 )=-AMA TRX(6,4)·U(4)-AMATRX(6.6)·U(6) 
SYARS(12)=SQRT(RHS(3.1)"2+RHS(4.1)··2) 
SY ARS(27)=AKSX 
SY ARS(28)=AKSY 
SYARS(4)=SYARS(12) 
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C CALCULATES RELEASE DISPLACEMENT 
C 
C 
C 
C 
c 
C 
URN=(2.0*RElSVARS(4»+ABS(SVARS(3» 
URT=URN 
UR=SQRT«URN)*·2+(URT)**2) 
SV ARS(5)=UR 
SV ARS(l5)=URN 
SVARS(l7)=URT 
LAMDA_U=SQRT«(SYARS(3)1SYARS(15»**2)+ 
«SVARS(13)/SV ARS(17W*2» 
SV ARS(lS)=LAMDA_ U 
ELSE 
C UNLOADING CUTBACK!! 
SV ARS(8)=(EA WI'S) 
PNEWDT=O.l*(1.0-SVARS( 1 »)I(SV ARS(S)-SV ARS(1» 
C PRINT*,JELEM,' ',KINC,' ','PNEWDT,PNEWDT 
END IF 
ELSE 
C LOADING 
SV ARS(I)=EA Y ITS 
AMA TRX(3,3)=AKSX 
AMATRX(5,5)=AKSX 
AMA TRX(3,S)=-AKSX 
AMA TRX(5,3)=-AKSX 
AMA TRX(4,4)=AKSY 
AMA TRX(6,6)=AKSY 
AMATRX(4,6)=-AKSY 
AMA TRX(6,4)=-AKSY 
C FUfS 
C 
FUfS(3,1 )=-AMA TRX(3,3)*U(3)-AMA TRX(3,5)*U(5) 
FUfS(5,1 )=-AMA TRX(5,3)*U(3)-AMA TRX(5,5)*U(5) 
FUfS(4,1)=-AMATRX(4,4)*U(4)-AMATRX(4,6)*U(6) 
FUfS(6,1 )=-AMA TRX(6,4)*U(4)-AMATRX(6,6)*U(6) 
C CALCULATE THE SPRING FORCE 
SV ARS( 12)=SQRT(RHS(3, 1 )**2+RHS( 4,1 )**2) 
SV ARS(27)=AKSX 
SVARS(2S)=AKSY 
END IF 
END IF 
END IF 
SVARS(24)=ABS(FUfS(3, I» 
SV ARS(25)=ABS(FUfS( 4,1» 
SVARS(26)=LAMDA 
IF (JELEM.EQ.lSI) THEN 
PRINT*, 'LAMDA =', LAMDA, 'TIME(I) =',TIME(I), 'PNEWDT _', PNEWDT 
PRINT·, 'SV ARSO) =',SV ARS( 1), 'SV ARS(8) =', SV ARS(8) 
END IF 
SV ARS(29)=KII 
SVARS(l4)= ABS(DELTA_T) 
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SV ARS(l9)== ABS(DEL TA _ N) 
c 
C PRINT STATEMENTS 
C 
RETURN 
END 
Appendix 
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Appendix 5.2: Mesh generator for the eZM elements 
C 
PROGRAM MeshGen I 
CHARACTER STAR, Name·20 
INTEGER NumNodes, n, NodeNr(lOOOOO), springElem, 11, 
li,j ,k, node I (I 000000), node2(lOOOOO), Sym, p, f, Int 
DOUBLE PRECISION X(lOOOOO), Y(lOOOOO), Z(IOOOOO), Tolerance 
REAL G,TI,Ex,Ez,KK, 
IxnodeI(lOOOOO), ynode I(l 00000), znodel(lOOOOO),Xsym,Ysym,DFROMY 
2,FF, deltaF, RRe, FFUn, Zb, Ze, Xb, Xe, KS 
C Open the input file 
C 
PRINT·,'Input file (with extension)?' 
READ (5,·) Name 
PRINT· ,Name 
OPEN (8,FILE=Name) 
OPEN (9,FILE='Meshed.inp') 
READ (8,'(AIO,A)') STAR 
PRINT· ,STAR 
PRINT·, 'How many nodes are there in the model?' 
READ· ,NumNodes 
PRINT· , 'Edge Z coordinate?' 
READ*,Ze 
PRINT·,'Boundary Z coordinate?' 
READ·,Zb 
PRINT· ,'Edge x coordinate?' 
READ·,Xe 
PRINT· ,'Boundary x coordinate?' 
READ·,Xb 
C Read in the nodal coordinates 
00 n = 1,NumNodes 
C 
READ(8,'(I7,Al,FI3.6,AI,FI3.6,AI,FI3.6)') NodeNr(n),STAR,X(n) 
,STAR,Y(n), STAR, Z(n) 
END 00 
C Find the nodes for the CZM elements 
springElem = 0 
Tolerance = 0.005 
i =0 
j=O 
DO i = 1, NumNodes 
DO j = (i+ 1), NumNodes 
IF ({ABS{X{i)-X(j».LT.Tolerance).AND. 
1 (ABS(Y(i)-Y(j).LT.Tolerance).AND. 
2 (ABS(Z(i)-Z(j».LT.Tolerance» THEN 
IF «X(i).GE.Xe).AND.(X(i).LEXb» THEN 
springElem = springElcm + 1 
node I (springElcm) = i 
node2(springElcm) = j 
xnodel (springElem) = XCi) 
ynodel(springElem) = Y(i) 
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END IF 
END DO 
END DO 
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znodel(springElem) = Z(i) 
END IF 
PRINT *,'NUMBER OF CZM ELEMENTS =', springElem 
CALL SORT(xnode 1 ,springElem,nodel ,node2,xnode 1 ,ynodel,znode 1) 
CALL SORT2(znodel ,springElem,nooel ,nooe2,xnooe1 ,ynodel ,znodel) 
C In the following section the CZM properties for the elements are determined. The elements 
C are divided into to different groups depending on the contribution of each CZM element to 
C the crack path area 
C 
C Print CZM element to Meshed.inp 
C 
C 
C 
C 
WRITE (9,'(A37)') '*Element, type = springa, elset = rup' 
DO k = l,springElem 
IF «abs(Zb - znodel(k» > Tolerance) 
.AND.(abs(Ze - znodel(k» > Tolerance) 
2 .AND.«abs(Xb - xnodeI(k» > Tolerance) 
3 .AND.(abs(Xe - xnodel(k))) > Tolerance» THEN 
WRITE (9, *) (k+ 10000(0), ',', nodel(k), ',', node2(k) 
END IF 
END DO 
WRITE (9,'(A40}') '*Element, type = springa, elset = rupb' 
DO k = l,springElem 
IF «abs(Zb - znodeI (k» < Tolerance} 
1 .AND.(abs(Xb - xnodel(k» > Tolerance) 
2 .AND.(abs(Xe - xnodel(k» > Tolerance» THEN 
WRITE (9, *) (k+ I OOOOOO), ',', nodel(k), ',', node2(k) 
END IF 
END DO 
WRITE (9,'(A40)') '*Element, type = springa, elset = rupe' 
DO k = l,springElem 
IF «abs(Ze - znodel(k» < Tolerance) 
I .AND.(abs(Xb - xnodel(k» > Tolerance) 
2 .AND.(abs(Xe - xnodel(k» > Tolerance» THEN 
WRITE (9,*) (k+lOOOOOO), ',', nodel(k), ',', node2(k) 
END IF 
END DO 
WRITE (9,'(A40}') '*E1ement, type = springa, elset = rupe' 
DO k = l,springElem 
IF «abs(Ze - znodel(k» > Tolerance) 
1 .AND.(abs(Zb - znodel(k» > Tolerance) 
2 .AND.«abs(Xb - xnodeI (k)} < Tolerance) 
3 .0R.(abs(Xe - xnodel (k}) < Tolerance») THEN 
WRITE (9,*) (k+l000000), ',', nodel(k), ',', node2(k) 
END IF 
END DO 
WRITE (9,'(A40)') '*Element, type = springa, elset = rupcor' 
DO k = l,springElem 
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IF «(abs(Ze - znodel(k» < Tolerance) 
I .OR.(abs(Zb - znodel(k» < Tolerance» 
2 .AND.«abs(Xb - xnodeI(k» < Tolerance) 
3 .OR.(abs(Xe - xnodel(k» < Tolerance))) THEN 
WRITE (9, *) (k+ 1000000), " " node I (k), " " node2(k) 
END IF 
END DO 
C Rotational symmetry 
THEN 
C 
PRINT* ,'Rotational symmetry(YES[ 1 ])?' 
READ*,Sym 
IF (Sym.EQ.1) THEN 
END IF 
PRINT*,'Symmetry X coordinate?' 
READ·,Xsym 
PRINT* ,'Symmetry Y coordinate?' 
READ·,Ysym 
DO p = I,NumNodes 
IF (ABS(X(p)-Xsym) < Tolerance) THEN 
DFROMY = yep) - YSym 
END IF 
END DO 
DO f = (p+ 1 ),NumNodes 
IF «ABS(Z(p) - Z(f) < Tolerance).AND. 
(ABS(X(f)-Xsym)< Tolerance» THEN 
IF (ABS«Y(f) - YSYM)+DFROMY)<Tolerance) 
END IF 
END IF 
END DO 
WRITE (9,'(A)') '*Equation' 
WRITE (9,·) 2 
WRITE (9,*) p,',' ,1,',', I 
WRITE (9,·) f,',',1 ,',', I 
WRITE (9,'(A)') '·Equation' 
WRITE (9,·) 2 
WRITE (9,·) p,',' ,2 ,',' , I 
WRITE (9,·) f,',' ,2,',' , I 
WRITE (9,'(A)') '·Equation' 
WRITE (9, *) 2 
WRITE (9, *) p,',' ,3 ,',' , 1 
WRITE (9,·) f,',' ,3,',',-1 
C Spring properties 
WRITE (9,'(A)') '·spring, nonlinear, elset = rup' 
WRITE (9,.) 
PRINT· , 'Fracture energy?' 
READ*,G 
PRINT*,7ripping traction?' 
READ*,IT 
PRINT· ,'Loading stiffness?' 
READ*,KI( 
PRINT*, 'Element size (x -direction)?' 
READ*,Ex 
PRINT* ,'Element size (z-direction or width)?' 
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c 
c 
READ*,Ez 
JJ = 1 
FFUn = FUn(TI, Ex, Ez) 
RRe = Re(G, Ex, Ez, JJ) 
Int = 10 
deltaF = FFUnlInt 
FF=O 
WRITE(9,·) 0,',',-RRe·21FFUn 
DO w = 1,(Int) 
FF = FF + de1taF 
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WRITE (9,*)-FF,',', -D2(FF, KK,FFUn, RRe) 
END DO 
DO w = 1,(Int-l) 
FF = FF - de1taF 
WRITE (9, ·)-FF,',', -DI(FF, KK) 
END 00 
WRITE(9,·) 0,0 
FF=O 
DO w = 1,(Int) 
FF = FF + deltaF 
WRITE (9,·)FF,',', Dl(FF, KK) 
END DO 
DO w = 1,{Int-l) 
FF = FF - de1taF 
WRITE (9,*)FF,',',D2(FF, KK,FFUn,RRe) 
END DO 
WRITE(9,*) 0,',',RRe*2IFFUn 
WRITE (9,'(A)') '*spring, nonlinear, e1set = ruph' 
Int = 10 
de1taF = FFUnlInt 
FF=O 
WRITE(9, *) O,',',-RRe*2IFFUn 
DO w = l,(Int) 
FF = FF + deltaF 
WRITE (9, *)-FFJ2,',', -D2(FF, KK,FFUn, RRe) 
END 00 
DO w = l,{lnt-l) 
FF = FF - deltaF 
WRITE (9,*)-FFJ2,',', -Dl(FF, KK) 
END DO 
WRITE(9,·) 0,0 
FF=O 
DO w = 1,(Int) 
FF = FF + deltaF 
WRITE (9,·)FFJ2,',', Dl(FF, KK) 
END DO 
DO w = 1,{lnt-1) 
FF = FF - deltaF 
WRITE (9,*)FFJ2,',',D2(FF, KK,FFUn,RRe) 
END 00 
WRITE(9,·) 0,',',RRe*2IFFUn 
WRITE (9,'(A)') '·spring, nonlinear, elset = rupe' 
Int = 10 
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deltaF = FFUnlInt 
FF=O 
WRITE(9,*) 0,',',-RRe*2/FFUn 
DO w = 1,(Int) 
FF = FF + deltaF 
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WRITE (9, *)-FF/2,',', -D2(FF, KK,FFUn, RRe) 
END DO 
DO w = 1,(Int-l) 
FF = FF - deltaF 
WRITE (9,*)-FF/2,',', -DI(FF, KK) 
END DO 
WRITE(9,*) 0,0 
FF=O 
DO w = 1,(Int) 
FF = FF + deltaF 
WRITE (9, *)FFI2,',', D1(FF, KK) 
END DO 
DO w = 1,(Int-l) 
FF = FF - deltaF 
WRITE (9, *)FFI2,',',D2(FF, KK,FFUn,RRe) 
END DO 
WRITE(9, *) 0,',',RRe*2IFFUn 
WRITE (9,'(A)') '*spring, nonlinear, elset = rupc' 
Int= 10 
deltaF = FFUnlInt 
FF=O 
WRITE(9, *) O,',',-RRe*2IFFUn 
DO w = 1,(Int) 
FF = FF + deltaF 
WRITE (9,*)-FFI2,',', -D2(FF, KK,FFUn, RRe) 
END DO 
DO w = 1,{Int-l) 
FF = FF - deltaF 
WRITE (9,*)-FF/2,',', -D1(FF, KK) 
END DO 
WRITE(9, *) 0,0 
FF=O 
DO w = 1,(Int) 
FF = FF + deltaF 
WRITE (9,*)FF/2:,', Dl(FF, KK) 
END DO 
DO w = 1,(Int-l) 
FF = FF - deltaF 
WRITE (9, *)FF/2,',',D2(FF, KK,FFUn,RRe) 
END DO 
WRITE(9, *) 0,', ',RRe*2IFFUn 
WRITE (9,'(A)') '*spring, nonlinear, elsct = rupcor' 
Int = 10 
deltaF = FFUnlInt 
FF=O 
WRITE(9, *) O,':,-RRe*2IFFUn 
DO w = I,(lnt) 
FF = FF + deltaF 
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WRITE (9, *)-FF/4,',', -D2(FF, KK,FFUn, RRe) 
END DO 
DO w = 1,(Int-l) 
FF = FF - deltaF 
WRITE (9,*)-FF/4,',', -Dl(FF, KK) 
END DO 
WRITE(9,*) 0,0 
FF=O 
DO w = 1,(Int) 
FF = FF + deltaF 
WRITE (9,*)FFJ4,',', Dl(FF, KK) 
END DO 
DO w == 1,(Int-l) 
FF = FF - deltaF 
WRITE (9, *)FFJ4,',',D2(FF, KK,FFUn,RRe) 
END DO 
WRITE(9, *) 0,',',RRe*2IFFUn 
CLOSE(8) 
CLOSE(9) 
END PROGRAM MeshGen 
C Subroutine to sort the CZM elements in ascending order with respect to a coordinate 
SUBROUTINE SORT (xup,n, node I , node2, xnodel, ynodel, znodel) 
C 
REAL xup(n), temp, tempNI, tempN2, tempN3, tempN4, tempN5 
I, xnodel(n), ynodel(n), znodel(n) 
INTEGERn, node I (n), node2(n) 
DOi = I,n-I 
DOj =i+l,n 
IF (xup(j).lt.xup(i» THEN 
temp == xuP(i) 
tempNI = node 1 (i) 
tempN2 = node2(i) 
tempN3 = xnode I (i) 
tempN4 = ynodel(i) 
tempNS = znodel(i) 
xuP(i) = xup(j) 
node 1 (i) = node I (j) 
node2(i) = node2(j) 
xnodel(i) = xnodel(j) 
ynodel(i) = ynodel(j) 
znodel(i) = znodel(j) 
xup(j) = temp 
nodel(j) = tempNI 
node2(j) = tempN2 
xnodel(j) = tempN3 
ynodeJ(j) = tempN4 
znodel(j) = tempNS 
END IF 
END DO 
END DO 
END SUBROUTINE SORT 
SUBROUTINE SORT2 (xup,n, node I , node2, xnodel, ynodel, znodel) 
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REAL xup(n), temp, tempNl, tempN2, tempN3, tempN4, tempN5 
1, xnodeJ(n), ynodeJ(n), znodel(n) 
INTEGER n, nodel(n), node2(n) 
DO i = I,n-l 
DOj =i+l,n 
IF (xup(j).It.xup(i» THEN 
IF (xnode 1 (j).EQ.xnode 1 (i» THEN 
temp = xuP(i) 
C 
END IF 
END IF 
END DO 
END DO 
END SUBROUTINE SORTI 
tempNl = node 1 (i) 
tempN2 = node2(i) 
tempN3 = xnodel(i} 
tempN4 = ynodel(i) 
tempN5 = znodel(i) 
xuP(i) = xup(j) 
node I (i) = nodel(j) 
node2(i) = node2(j) 
xnodel(i) = xnodel(j) 
ynodel(i) = ynodel(j) 
znodel(i) = znodel(j) 
xup(j) = temp 
nodel(j) = tempNl 
node2(j) = tempN2 
xnodel(j) = tempN3 
ynodel(j) = tempN4 
znodel(j) = tempN5 
C Conversion ofG (J/m"2) to Release energy (Nmm) 
FUNCTION Re (G, Ex, Ez, J) 
C 
INTEGERJ 
REAL G, Ex, Ez 
Re = G*Ex*EzI(J* I 000) 
END FUNCTION Re 
C Unloading force 
C 
FUNCTION FUn (IT, Ex. Ez) 
REAL Fun 
FUn = IT*Ex *Ez 
END FUNCTION FUn 
C Displacement (F) [D < DUn] 
FUNCTION Dl (F, KK) 
REALDl,KK 
Dl =FIKK 
END FUNCTION D I 
C 
C Displacement (F) [D > DUn] 
FUNCTION D2 (F, KK, FUn, Re) 
REAL F, D2, KK, FUn, Re, K2 
K2 = FUn/(Re*2IFUn-FUnIKK) 
D2 = FUnIKK + (FUn-F)1K2 
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END FUNCTION 02 
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Appendix 5.3: Mesh generator for the shell elements 
PROGRAM MeshGen2 
CHARACTER STAR, Name·20 
INTEGER NumNodes, n, NodeNr(IOOOOOO), springElem, 11, 
Ii,j, k, nodel(IOOOOOO), node2(1000000), Sym, p, f, Int 
2, elemX, elemZ, ix, iz 
REAL X(1000000), Y(lOOOOOO), Z(l 000000), Tolerance, 
1 xnodel (1 000000), ynodel(lOOOOOO), znodel(lOOOOOO),Xsym,Ysym,DFROMY 
2, deltaF, Overlap, elsizeX, elsizeZ, 
3 xnode2(IOOOOOO), ynode2(1000000), znode2(lOOOOOO) 
C 
C Open the input file 
C 
PRINT· ,'Input file (with extension)?' 
READ (5,·) Name 
PRINT· ,Name 
OPEN (8,FILE=Name) 
OPEN (9,FILE='SheJl.inp~ 
READ (8,'(AIO,A)') STAR 
PRINT· ,STAR 
PRINT·, 'How many nodes are there in the model?' 
READ· ,NumNodes 
PRINT· ,'Width?' 
READ·, Width 
PRINT·,'Overlap length?' 
READ·, Overlap 
PRINT·, 'Element size X?' 
READ·, elsizeX 
PRINT· ,'Element size Z?' 
READ·, elsizeZ 
PRINT·,'Edge x coordinate?' 
READ·,Xe 
PRINT·, 'Boundary x coordinate?' 
READ·,Xb 
C Read in the nodal coordinates 
DO n = I,NumNodes 
C 
C 
1 
2 
READ(8,'(I7,AI,F13.6,Al,F13.6.AI,F13,6)') NodeNr(n).STAR,X(n) 
,STAR, yen). STAR, Z(n) 
END DO 
Find the nodes for the CZM elements 
springElem = 0 
Tolerance = 0.005 
DO i = I, NumNodes 
DO j = (i+ I). NumNodes 
IF ((ABS(X(i)-X(j» < Tolerance),AND. 
(ABS(Y(i)-Y(j» < Tolerance).AND. 
(ABS(Z(i)-Z(j» < Tolerance» THEN 
IF «X(i).GE.Xe).AND,(X(i).LE.}{b» THEN 
springEJem = springElem + I 
IF (Y(i) > Y(j» THEN 
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END IF 
END DO 
END DO 
ELSE 
END IF 
ENDlF 
nodel(springElem) = i 
xnodel(springElem) = XCi) 
ynodel(springElem) = V(i) 
znodel(springElem) = Z(j) 
node I (springElem) = j 
xnodel(springElem) = XCi) 
ynodel(springElem) = V(i) 
znodel(springElem) = Z(j) 
PRINT*, 'NUMBER OF CZM ELEMENTS = ',springElem 
CALL SORT(xnodeJ ,springElem,nodeJ,node2,xnodel,ynodel,znodel) 
CALL SORT2(znodel,springElem,nodel,node2,xnodel,ynodel ,znode I) 
elemX = Overlap/elsizeX 
elemZ = WidthlelsizeZ + I 
WRITE (9,*) '*Element, type = S4R, elset = sh' 
DO ix = I, (elemX) 
DO iz == I, (elemZ - I) 
WRITE (9, *) «elemZ-I)*(ix.l) + iz + 3000000),',', 
I node 1 (elemZ*(ix-l) + iz),',', 
2 node I (elemZ·(ix-l) + iz + elemZ},',', 
3 nodel(elemZ*(ix-l) + iz + elemZ + I),',', 
4 node I (elemZ*(ix-l) + iz + I) 
END DO 
END DO 
WRITE (9, *)'*Shell section,elset=sh,material=FM73,controls = EC-I' 
WRITE (9,·) 0.1,',', 5 
CLOSE(8) 
CLOSE(9) 
END PROGRAM MeshGen 
C Subroutine to sort the CZM elements in ascending order with respect to a coordinate 
SUBROUTINE SORT (xup,n, node I , node2, xnodel, ynodel, znodel) 
REAL xup(n), temp, tempNl, tempN2, tempN3, tempN4. tempN5 
I, xnodel(n), ynodel(n), znodel(n) 
INTEGER n, node I (n), node2(n) 
DOi = l,n-I 
DOj =i+l,n 
IF (xup(j).It.xup(i» THEN 
temp = xuP(i) 
tempNI == nodel(i) 
tempN2 = node2(i) 
tempN3 = xnodel(i) 
tempN4 = ynodel(i) 
tempN5 == znodel(i) 
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xuP(i) = xup(j) 
node 1 (i) = nodel(j) 
node2(i) = node2(j) 
xnodel(i) = xnodel(j) 
ynodel(i) = ynodel(j) 
znodel(i) = znodel(j) 
xup(j) = temp 
nodel(j) = tempNI 
node2(j) = tempN2 
xnodel(j) = tempN3 
ynodel(j) = tempN4 
znodel(j) = tempN5 
END SUBROUTINE SORT 
SUBROUTINE SORTI (xup,n, node I , node2, xnodel, ynodel, znodel) 
REAL xup(n), temp, tempNI, tempN2, tempN3, tempN4, tempN5 
I, xnodel(n), ynodel(n), znodel(n) 
INTEGER n, node 1 (n), node2(n) 
DO i = 1,0-1 
DOj =i+l,n 
IF (xup(j).ltxup(i» THEN 
IF (xnodel(j).EQ.xnodel(i» THEN 
temp = xuP(i) 
END IF 
END IF 
END DO 
END DO 
END SUBROUTINE SORT2 
tempNl = nodel(i) 
tempN2 = node2(i) 
tempN3 = xnodel(i) 
tempN4 = ynodel(i) 
tempN5 = znodel(i) 
xuP(i) = xup(j) 
nodel(i) = nodelG) 
node2(i) = node2(j) 
xnodel(i) = xnodel(j) 
ynodel(i) = ynodel(j) 
znodel(i) = znodel(j) 
xup(j) = temp 
nodel(j) = tempNI 
node2(j) = tempN2 
xnodel(j) = tempN3 
ynodel(j) = tempN4 
znodel(j) = tempNS 
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Appendix 5.4: Residual strain subroutine 
SUBROUTINE UEXP AN (EXPAN,DEXP ANDT,TEMP, TIME,DTIME,PREDEF, 
lDPRED,STATEV,CMNAME,NSTATV,NOEL) 
C 
C 
C 
C 
C 
C 
C 
C 
The 'real' temperature should be defined as field variable I. The moisture is simulated as 
temperature. The coefficients given here are for aluminium, FM73 and IM7/8552. The subroutine 
can however be used for any materials by changing these coefficients. The initial 'real' 
temperature (i.e. FYI) has to be set to the stress free temperature. 
INCLUDE 'ABA]ARAM.INC' 
CHARACTER CMNAME 
REAL CTE,CSE 
DIMENSION EXP AN(·),DEXP ANDT(·), TEMP(2),TIME(2),PREDEF(·), 
1 DPRED(·),ST A TEV(NSTA TV) 
C 
C Set the material name of the adhesive to F, the aluminium material to A 
C 
C 
IF (CMNAME.EQ.'F~ THEN 
PRINT· ,'Adhesive' 
C 
CTEI = 7.7E-5 
CTE2 = 7.7E-5 
CTE3 = 7.7E-5 
CSEI = 0.00462 
CSE2 = 0.00462 
CSE3 = 0.00462 
ELSE IF (CMNAME.EQ.'A') THEN 
PRINT· ,Aluminium 
CTEI = 2.36E-5 
CTE2 = 2.36E-5 
CTE3 = 2.36E-5 
CSEI =0.0 
CSE2=0.0 
CSE3 =0.0 
ELSE 
C PRINT· ,Composite 
C 
C 
CTEI =6E-7 
END IF 
CTE2 = 2.86E-5 
CTE3 = 2.86E-5 
CSEI =0.0 
CSE2 = 0.005 
CSE3 =0.005 
EXPAN(I) = CSEI·TEMP(2)+CTEl.DPRED(I) 
EXP AN(2) = CSE2·TEMP(2)+CTE2 ·DPRED( I) 
EXPAN(3) = CSE3·TEMP(2)+CTE3·DPRED(l) 
RETURN 
END 
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Appendix 5.5: Transfer of mass diffusion data 
C 
SUBROUTINE ABQMAIN 
C Converts the nonnalised concentration at the nodes (NNC in the • .fil) to a text file (Set frequency to 
C 999999) 
C 
INCLUDE 'aba-param.inc' 
CHARACTER·SO FNAME 
DIMENSION ARRA Y(513),JRRA Y(NPRECD,513),LRUNIT(2,1) 
EQUN ALENCE (ARRA Y(l ),JRRA Y(l,I» 
C 
C File initialization 
C 
WRITE (6,·) 'FILE?' 
READ (5,·) FNAME 
NRU=l 
LRUNIT(l,1)=8 
LRUNIT(2, 1)=2 
LOUTF==O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
C 
CALL DBRNU(JUNIT) 
C Loop on all records in results file 
C 
C 
C 
DO 100 Kl=l,99999 
CALL DBFILE(O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO 110 
KEY=JRRAY(l,2) 
C 
C 
OPEN (14,FILE=FNAME) 
IF(KEY.EQ.22l) THEN 
NODE = JRRAY(l,3) 
CONC = ARRA Y(4) 
WRITE(14,·) NODE,' , ',CONC 
END IF 
100 CONTINUE 
110 CONTINUE 
C 
C 
CLOSE(14) 
STOP 
END 
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SUBROUTINE ABQMAIN 
C 
C Converts the normalised concentrations at the nodes (NNC in the • .fil) to temperature data in the results 
C .. file output format. This approach might be more convenient if instances and parts are used as the node 
C .. numbers not solely identify the nodes in these cases. 
C 
C 
INCLUDE 'aha jXil'am.inc' 
C~CTER·80FN~E 
DIMENSION ARRA Y(513),JRRA Y(NPRECD,5 1 3),LRUNIT(2,1) 
EQUNALENCE (ARRAY(l),JRRAY(I,I» 
C File initialization 
C 
WRITE (6,·) 'FILE?' 
READ (5,·) FNAME 
NRU=1 
LRUNIT( 1, 1)=8 
LRUNIT(2, 1)=2 
LOUTF=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
C 
C Loop on all records in results fil 
C 
C 
DO 100 KI=I,99999 
CALL DBFILE(O,ARRA Y,IRCD) 
IF(JRCD.NE.O)GO TO 110 
KEY=JRRA Y(l ,2) 
IF(KEY.EQ.22I) THEN 
ENDIF 
ELSE 
ENDIF 
ENDIF 
IRRAY(l,2) = 201 
CALLDBFILW(I,ARRAY,JRCD) 
IF (JRCD .NE. 0) THEN 
WRITE(6,·) 'ERROR WRITING FILE' 
CLOSE (JUNIT) 
CALL DBFIL W(l,ARRA V,JRCD) 
IF (JRCD .NE. 0) THEN 
WRITE(6,·) 'ERROR WRITING FILE' 
CLOSE (JUNIT) 
100 CONTINUE 
110 CONTINUE 
C 
STOP 
END 
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Appendix 5.6: Volume strain dependent diffusion 
C 
SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
I TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTA TV,NOEL,NPT,LA YER, 
2KSPT,KSTEP,KlNC,NDI,NSHR.COORD,JMAC,JMATYP,MATLA YO,LACCFLA) 
INCLUDE 'ABA] ARAM.INC' 
c 
CHARACTER*SO CMNAME,ORNAME 
CHARACTER*3 FLGRA Y(15) 
DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
I T(3,3), TIME(2) 
DIMENSION ARRA Y(l5),JARRA Y(15),JMAC(*),JMATYP(*),COORD(*) 
C 
C 
CALL GETVRM(,E',ARRA Y,JARRA Y,FLGRA Y,JRDC, 
llMAC,lMATYP,MATLAYO,LACCFLA) 
FIELD(I) = (ARRA Y(l) + ARRA Y(2) + ARRA Y(3» 
C 
RETURN 
END 
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Appendix 5.7: Stress enhanced degradation 
C 
SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTA TV,NOEL,NPT,LA YER, 
2KSPT,KSTEP,KlNC,NDI,NSHR,COORD)MAC,JMATYP,MA TLA YO,LACCFLA) 
C The field variable 3, corresponding to S has to be set to 1 in the initial conditions. 
C 
INCLUDE 'ABA]ARAM.INC' 
C 
CHARACTER*80 CMNAME,ORNAME 
CHARACTER*3 FLGRAY(15) 
DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
1 T(3,3), TIME(2) 
DIMENSION ARRA Y(15),JARRA Y(15),JMAC(*),JMA TYP(*),COORD(*) 
REAL LIMIT 
C 
C 
C 
C 
C 
C 
CALL GETVRM('TEMP',ARRA Y,JARRA Y,FLGRA Y,JRDC, 
1IMAC,IMATYP,MATLAYO,LACCFLA) 
concentration = ARRA Y(l) 
LIMIT =4.0 
CALL GETVRM('SINV',ARRA Y,JARRA Y,FLGRA Y,JRDC, 
lIMAC,IMATYP,MATLAYO,LACCFLA) 
IF (ARRAY(l).GT.LIMIT) THEN 
stress = ARRA Y(l) 
ELSE 
stress = 0 
END IF 
CALL GETVRMCFV' ,ARRA Y,JARRA Y,FLGRA Y,JRDC, 
IJMAC,IMATYP,MATLAYO,LACCFLA) 
degradation = ARRA Y(2) 
CALL GETVRMCFV' ,ARRA Y,lARRA Y,FLGRA Y,JRDC, 
IJMAC,lMA TYP,MATLA YO,LACCFLA) 
retention = ARRA Y(3) 
peakStress = 10 
satTime = 2*7*24*3600 
satConc = 1.591 
constant = 1I(peakStress*satTime*satConc)*25 
dPrim = constant*stress*concentration*retention 
statev(l) == concentration 
if «retention - dPrim*DTIME).GT.O) then 
else 
statev(2) = (I - (retention - dPrim*DTIME» 
end if 
statev(2) = 0 
statev(3) == stress 
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if (kstep.EQ.2) then 
else 
end if 
RETURN 
END 
if«retention - dPrim*DTIME).GT.O) then 
field(3) = retention - dPrim*DTIME 
field(3) = 0 
end if 
if «concentration.LT.satConc).AND. 
«retention - dPrim*DTIME).GT.O» then 
else 
end if 
field(2) = (concentration + 
(1 - (retention - dPrim*DTIME»* 
(satConc-concentration) ) 
field(2) = satConc 
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Appendix 5.8: Transfer of stress enhanced degradation 
data 
SUBROUTINE ABQMAIN 
C 
C The element field variables has to outputted to the * .fil file setting the position option to averaged at 
C nodes (set frequency=999999) 
C 
INCLUDE 'aba-param.inc' 
CHARACTER*80 FNAME 
DIMENSION ARRA Y(SI3),JRRA Y(NPRECD,SI3),LRUNIT(2,1) 
EQUIVALENCE (ARRAY(l),JRRAY(I,I» 
REAL Del 
C 
C File initialization 
C 
WRITE (6,*) 'FILE?' 
READ (S, *) FNAME 
NRU=l 
LRUNIT(l,l )=8 
LRUNIT(2,l )=2 
LOUTF=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
C 
C Loop on all records in results file 
C 
C 
C 
DO 100 KI=I,99999 
CALL DBFILE(O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO 110 
KEY=JRRA Y(l,2) 
C 
C 
OPEN (14,FILE=FNAME) 
IF(KEY.EQ.l) THEN 
NODE = JRRA Y(l,3) 
END IF 
IF(KEY.EQ.9) THEN 
Del =ARRAY(4) 
END IF 
WRlTE(14, *) NODE,' , ',Del 
100 CONTINUE 
110 CONTINUE 
C 
C 
CLOSE(14) 
STOP 
END 
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Appendix 5.9: Cathodic delamination 
C 
SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTA TV,NOEL,NPT,LA YER, 
2KSPT,KSTEP,KlNC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
INCLUDE 'ABA]ARAM.INC' 
C 
CHARACTER· SO CMNAME,ORNAME 
CHARACTER·3 FLGRA Y(lS) 
DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
1 T(3,3), TIME(2) 
DIMENSION ARRA Y(lS),JARRA Y(1S),JMAq·),JMA TYP(·),COORD(·) 
C 
C 
C 
C 
C 
C 
C 
CALL GETVRM('TEMP',ARRA Y,JARRA Y,FLGRA Y,JRDC, 
llMAC,lMA TYP,MATLA YO,LACCFLA) 
c_deJ = I.S9].0.99 
c _current = array(l) 
delay_time = 2.7.24.3600 
if (c _ current.GE.c _del) then 
if(statev(2).NE.l) then 
statev( 1) = time( 1 ) 
statev(2) = ] 
end if 
delay_current = time( l) - statev( 1 ) 
end if 
RETURN 
END 
if(delay_current.GE.delay_time) then 
field(2) = 2 
end if 
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Appendix 5.10: Transfer of cathodic delamination data 
SUBROUTINE ABQMAIN 
C 
C The element field variables has to outputted to the • .fil file setting the position option to averaged at 
C nodes (set frequency=999999) 
C 
INCLUDE 'abaj)aram.inc' 
CHARACTER ·80 FNAME 
DIMENSION ARRA Y(513),JRRA Y(NPRECD,5 1 3),LRUNIT(2, 1) 
EQUN ALENCE (ARRA Y(I),JRRA Y(l,I» 
REAL Del 
C 
C File initialization 
C 
WRITE (6,·) 'FILE?' 
READ (5, *) FNAME 
NRU=I 
LRUNIT(l, 1)=8 
LRUNIT(2,1 )=2 
LOU1F=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
C 
C Loop on all records in results file 
C 
C 
C 
DO 100 Kl=1,99999 
CALL DBFILE(O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO 110 
KEY=JRRAY(I,2) 
C 
C 
OPEN (l4,FILE=FNAME) 
IF(KEY.EQ.1) THEN 
NODE = JRRA Y(I,3) 
END IF 
IF(KEY.EQ.9) THEN 
DeI=ARRAY(4) 
WRITE(14,*) NODE,', ',Del 
END IF 
100 CONTINUE 
110 CONTINUE 
C 
C 
CLOSE(14) 
STOP 
END 
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Appendix 7.1: Average moisture over the width 
SUBROUTINE ABQMAIN 
C 
C Calculate the average concentration through the width of the joint 
C 
INCLUDE 'aha J)lll1lJJl.inc' 
CHARACfER·80 FNAME 
DIMENSION ARRAY(51 3),JRRAY(NPRECD,513),LRUNIT(2,I) 
EQUN ALENCE (ARRA Y(l),JRRA Y(I,I» 
INTEGER NumNodes, cW, i,j, ii 
REAL x, c{lOO), NODEX{lOOOO), NODEC(IOOOO) 
C 
C File initialization 
C 
WRITE (6,·) 'FILE?' 
READ (5,·) FNAME 
WRITE (6,·) 'Half overlap?' 
READ (5,·) W 
NRU=I 
LRUNIT{l,I F8 
LRUNIT(2, I F2 
LOUTF=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
C 
C Loop on all records in results file 
C 
C 
C 
NumNodes=O 
DO 100 Kl=1,99999 
CALL DBFILE(O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO 110 
KEY=JRRA Y(l ,2) 
C 
C 
IF(KEY.EQ.l90I) THEN 
NODEX(JRRA Y(1,3» = ARRA Y(4) 
END IF 
IF(KEY.EQ.201) THEN 
NODEC(JRRA Y(1,3» = ARRA Y(4) 
NumNodes = NumNodes + I 
END IF 
100 CONTINUE 
110 CONTINUE 
C 
cW=O 
DO i = 1,(W/O.25 + 1) 
x = i*O.25 - 0.25 
c(i) = 0 
289 
C 
C 
C 
C 
C 
DO j = I,NumNodes 
print·,~ = 'j 
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print·,'NODEX(j) = ',NODEX(j) 
print·,'x = ',x 
IF (abs(NODEX(j)-x)<O.OI) THEN 
c(i) = c(i) + NODEC(j) 
IF (i.EQ.l) THEN 
cW=cW+ 1 
END IF 
END IF 
END DO 
END DO 
print·, 'Numer of nodes = ',NumNodes 
print·,'cW = ',cW 
OPEN (l4,FILE=FNAME) 
DOi=I,26 
WRITE(14,·) WO.25 - 0.25),' ',c(iYcW 
END DO 
CLOSE(14) 
STOP 
END 
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Appendix 8.1: Crack propagation using spring elements 
C 
C 
SUBROUTINE ABQMAIN 
INCLUDE 'aba~.inc' 
CHARACTER *80 FNAME 
DIMENSION ARRAY(513),JRRAY(NPRECD,513),LRUNIT(2,1) 
EQUN ALENCE (ARRA Y(l),JRRA Y(I,I» 
REAL FORCE(4000,4000), DiSP(4000,4000), TimeInc(4000), RF(4000) 
I,U(4000), STATUS(4000,4000), RELEASE(4000)' PZL(4000),CRACKL(4000) 
2,TRIPP(4000) 
INTEGER Inc, Elements, ElementNr, Elementl, NodesRFs, NodesRF(50) 
C File initialization 
C 
WRITE (6, *) 'FILE?' 
READ (5, *) FNAME 
NRU=l 
LRUNIT{l,1 )=8 
LRUNIT(2,1)=2 
LOUTF=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
C 
WRITE (6, *) 'Number of elements?' 
READ (5, *) Elements 
WRITE (6,*) 'First?' 
READ (5, *) Elementl 
WRITE (6,*) 'Number of nodes where the displacement is applied?' 
C 
READ (5, *) NodesRFs 
DO N = I,NodesRFs 
WRITE (6, *) 'Node number?' 
READ (5, *) NodesRF(N) 
END DO 
C Loop on all records in results file 
C 
C 
C 
C 
Inc=O 
DO 100 KI=I,9999999 
CALL DBFILE(O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO I 10 
KEY=JRRA Y(l ,2) 
IF(KEY.EQ.2000) THEN 
Inc = Inc + I 
TimeInc(Inc) = ARRA Y(3) 
END IF 
IF (KEY.EQ.l) THEN 
ElementNr = JRRAY(1,3) 
END IF 
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IF «KEY.EQ.ll ).AND.«ElmentNr - ElementI+I).LT.Elements» THEN 
FORCE(inc,(ElementNr-Elementl + I» = ARRA Y(3) 
END IF 
IF (KEY.EQ.l04) THEN 
00 N = I,NodesRFs 
IF (JRRA Y(I,3).EQ.NodesRF(N) THEN 
RF(inc) = RF(inc) + ARRA Y(4) 
END IF 
END 00 
END IF 
IF (KEY.EQ.IOI) THEN 
END IF 
IF (JRRA Y(l,3 ).EQ.NodesRF(l» THEN 
U(inc) = ARRA Y(4) 
END IF 
100 CONTINUE 
no CONTINUE 
C STATUS OF THE RUPTURE INCREMENTS AT A CERTAIN INCREMENT 
C loading= I, unloading=2, release increment=3, released=4 
00 elem=I,Elements 
STATUS(I,elem) = I 
OOin=2,inc 
IF (FORCE(in,elem).GT.FORCE«in-I),elem» THEN 
STATUS(in,elem) = I 
END IF 
IF (FORCE(in,elem).LT.FORCE«in-l),elem» THEN 
STATUS(in,elem) = 2 
END IF 
IF (STATUS(in-l,elem).NE.2) THEN 
TRIPP(elem) = in 
END IF 
IF «(FORCE(in,elem) ).EQ.(FORCE«in-1 ),elem». 
AND.(FORCE(in,elem).LT.l E-lO» THEN 
END IF 
END 00 
END 00 
C PZL 
DO ele= I, Elements 
PZL(ele)=O 
IF (STA TUS«in-2), elem).EQ.2) THEN 
STATUS«in-I),elem) = 3 
RELEASE(elem) = (in-I) 
END IF 
STATUS(in,elem) =4 
IF (RELEASE(elem).EQ.O) THEN 
RELEASE(elem) = (in-I) 
END IF 
DO elem= I, Elements 
IF «STATUS(RELEASE( ele),elem).EQ.2).OR. 
(STA TUS(RELEASE( ele),elem).EQ.3» THEN 
IF (ele.NE.elem) THEN 
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PZL(ele) = PZL(ele) + I 
END IF 
C CRACKL (Number of elrnents released) AT A CERTAIN INCREMENT 
DOin=I, inc 
c 
CRACKL(in} = 0 
DOeJem=l, Elements 
IF «STATUS(in,eJem}.EQ.3}.OR. 
(STA TUS(in,eJem}.EQ.4)} mEN 
CRACKL(in) = CRACKL(in) + I 
END IF 
END DO 
END DO 
OPEN (14,FILE=FNAME) 
WRITE(I4,*)' Time " 'Applied disp ','Load', 
'CRACKL(eJernents)' 
DO in = I,Inc 
WRITE( 14, *) TirneJnc(in), U(in), RF(in), CRACKL(in) 
END DO 
WRITE(14.*) 
WRITE(14.*)' EJement ',' Release(inc) " 'PZL(elem)', 
l' TRIPP(elem)' 
El= I 
DO clem = I,Elements 
WRITE(I4,*} EI, RELEASE(elem), PZL(elem), TRlPP(elem) 
EI=EI+I 
END DO 
CLOSE (I 4) 
STOP 
END 
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Appendix 8.2: Crack propagation using COH3D8 
elements 
Note that the tractions have to be outputted to ·.fil setting the parameter position to 
average at nodes. 
C 
SUBROUTINE ABQMAIN 
INCLUDE 'aba-PllJ'311l.inc' 
CHARACTER*80 FNAME 
DIMENSION ARRA Y(513),JRRA Y(NPRECD,513),LRUNIT(2,1) 
EQUIVALENCE (ARRA Y(l ),JRRA Y(l, 1» 
REAL NodeX(10000), NodeY(lOOOO), NodeZ(lOOOO), TimeInc(lOOO) 
INTEGER Inc, Elements, ElementNr, STEI(IOOOO), ReleaseEI(l 0000), 
C 
INodeNr(IOOOO) . 
C File initialization 
C 
WRITE (6, *) 'Number or nodes?' 
READ (5,·) Elements 
WRITE (6,*) 'FILE?' 
READ (5, *) FNAME 
NRU=1 
LRUNIT(l, 1)=8 
LRUNIT{2,I )=2 
LOUTF=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
lUNIT=8 
CALL DBRNU{JUNIT) 
C 
C Loop on all records in results file 
C 
Inc=O 
DO 100 KI = 1,9999999 
C 
C 
C 
C 
CALL DBFILE{O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO 110 
KEY=JRRAY(1,2) 
IF(KEY.EQ.2000) THEN 
Inc = Inc + I 
TimeInc(Inc) = ARRA Y(3) 
END IF 
IF (KEY.EQ.I) THEN 
ElementNr = JRRA Y(l,3) 
END IF 
IF (KEY.EQ.l901) THEN 
NodeX(JRRA Y(1,3» = ARRA Y(4) 
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NodeY(JRRA Y(l,3» = ARRA Y(5) 
NodeZ(JRRA yo ,3» = ARRA Y(6) 
END IF 
IF (KEY.EQ.II) THEN 
IF (STEI(E1ementNr).NE.l) THEN 
IF (ABS(ARRA Y(5».LT.lE-IO) mEN 
IF (ABS(ARRAY(7».LT.lE-IO) mEN 
END IF 
C 
100 CONTINUE 
IIO CONTINUE 
C 
END IF 
OPEN (14,FILE=FNAME) 
END IF 
END IF 
WRITE(14,*)' X ',' Y 
EI = I 
DO elem = I,Elements 
IF (NodeNr(EI).NE.O) THEN 
" , 
IF (ABS(ARRA Y(8».LT.IE-l 0) THEN 
ReleaseEl(ElementNr) = inc 
NodeNr(ElementNr) = ElementNr 
STEl(ElementNr) = I 
END IF 
z " , Release(inc )' 
END IF 
WRlTE(14,*) NodeX(El), NodeY(El), NodeZ(El), ReleaseEl(EI) 
El = El + I 
END DO 
CLOSE(14) 
STOP 
END 
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Appendix 9.1: Average moisture profile over scanned 
area 
C 
SUBROUTINE ABQMAIN 
INCLUDE 'aba-PllClllIl.inc' 
CHARACTER·80 FNAME 
DIMENSION ARRA Y(513),JRRA Y(NPRECD,513),LRUNIT(2,1) 
EQUIVALENCE (ARRAY(I),JRRAY(I,I» 
Real Conc(3000), ConcRC(200,200),ConcH(200), ConcV(200), 
IC_lor, c_upr, r_lor, r_upr, mesbx, meshy 
C 
Integer NC, Nnr(3000), Col(3000), Row(3000), 
Ic_Io, c_up, r_Io, r_up 
PRINT·,1nput file (without extension)?' 
READ (5,·) FNAME 
OPEN (9,FILE='inter4.txt,) 
NRU=I 
LRUNIT(I, 1)=8 
LRUNIT(2, 1)=2 
LOUTF=O 
CALL INITPF(FNAME,NRU,LRUNIT,LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
C 
C Loop on an records in results file 
C 
C 
C 
n=l 
NC=136 
mesbx=O.05 
meshy=O.05 
DO 100 KI=I,99999 
CALL DBFILE(O,ARRA Y,JRCD) 
IF(JRCD.NE.O)GO TO I 10 
KEY=.JRRA Y(J ,2) 
IF(KEY.EQ.201) THEN 
Nnr(n)=.JRRA Y(I,3) 
Conc(n)=ARRA Y(4) 
IF (Nnr(n).GT.NC) THEN 
Col(n)=mod(Nnr(n),NC) 
Row(n)=(Nnr(n)-Col(n»)/NC+ I 
IF (Col(n).EQ.O) THEN 
Col(n)=NC 
END IF 
Row(n)=(Nnr(n)-Col(n»)/NC+ 1 
ElSE 
Col(n)=Nnr(n) 
END IF 
Row(n)=l 
ConcRC(Row(n),Col(n»=Conc(n) 
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n=n+1 
END IF 
C 
100 CONTINUE 
110 CONTINUE 
C 
c 
C 
C 
c 
PRINT*, 'Profile!!!' 
PRINT* ,'Lower bound, x?' 
READ (5, *) c lor 
PRINT*,'Up"ei-bound, x (max 6.75)1' 
READ (5,*) c_upr 
PRINT* ,'Lower bound, y (from the centre of the bondline)1' 
READ (5,*) r_Ior 
PRINT*,'Upperbound, y(max 0.75)1' 
READ (5, *) r_upr 
c_Io = c_Ior/meshx + I 
print*,c 10 
c_up = c_upr/meshx + 2 
print*,c _up 
r_Io = rJor/mesby + I 
print*,r 10 
r_up = r_upr/mesby + 2 
print* ,r _up 
sumH= I 
DO i = c_Io,c_up 
DO j = r_Io,r_up 
ConcH(sumH) = ConcH(sumH) + ConcRCG,i) 
END DO 
sumH = sumH + I 
END DO 
sumV=1 
DO i = r_Io,r_up 
DO j = c lo,c up 
ConcV(sumV) = ConcV(sumV) + ConcRC(ij) 
END DO 
sumV = sumV + I 
END DO 
C WRITE (9, *) Nnr(i), Row(i), Col(i), Conc(i), 
C ConcRC(Row(i),Col(i» 
C ENDDO 
C 
WRITE (9,*) 
WRITE (9, *) 'ID borisontal' 
DO i = 1,(sumH-l) 
WRITE (9, *) c_lor+(i-I)*meshx, ConcH(i)/(l+r_up-rJo) 
END DO 
WRITE (9,*) 
WRITE (9, *) 'ID vertical' 
DOi= 1,(sumV-I) 
WRITE (9, *) r_lor+(i-I)*mesby,ConcV(i)l(I+c_up-cJo) 
END DO 
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c 
CLOSE(8) 
CLOSE(9) 
STOP 
END 
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